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ABSTRACT
SEISMIC RESPONSE OF SOIL-FOUNDATION SYSTEMS ON UNSATURATED GROUND
By
Seyed Amin Borghei
University of New Hampshire

While soils below the groundwater table are fully saturated with water, soils above the
groundwater table are partially saturated, as water can rise above the groundwater table through
different mechanisms such as capillary rise. In the literature, these soils are commonly referred to
as unsaturated soils. The groundwater table fluctuates seasonally; thus, soil moisture profiles may
continuously change during a year. Foundations of a considerable portion of structures are placed
on the surface or shallowly embedded in soils, which are unsaturated. Properties of soils below the
foundations can significantly alter the seismic response of the structures. Since the soil moisture
may impact these soil properties, it is expected that the fluctuation of the groundwater table would
influence the seismic response of the surface structures. This dissertation evaluates the effects of
the depth of the groundwater table on the seismic response of soil-foundation systems.
Three sets of seismic centrifuge experiments were conducted to assess the effects of structural and
foundation masses as well as inertial interaction on kinematic transfer functions when the
specimens were excited with a suite of seismic motions. Three physical models, including a
structure-foundation system, a single foundation, and a single light foundation, were tested. Dry
sandy soil specimens were prepared in a laminar container; then the physical models were placed
xxxv

on the soil surface and tested atop in-flight shake table inside a geotechnical centrifuge. Lateral
and rocking transfer functions, as well as incoherence parameters, were estimated. Results show
that kinematic interaction can be captured better with the single foundation physical models when
the effect of inertial interaction is reduced from the soil-structure seismic response.
One of the foundation physical models was tested in another set of dynamic centrifuge
experiments, while it was placed on layers of sandy and silty sand soil layers with various
groundwater tables. A set of experiments was also conducted on dry soil layers. The groundwater
level was lowered during the centrifugation to stimulate the capillary rise process. The soil
specimens were excited with a series of scaled earthquake motions. The results indicate that as the
groundwater level was lowered, the soils became stiffer leading to lower free field and foundation
settlement, lower maximum lateral soil deformation, lower mean period of the free field motion,
higher strain-dependent natural frequency of the soil layers, and higher seismic soil amplification
factors. In addition, incoherence parameter of lateral kinematic interaction was increased while the
one associated with rocking kinematic interaction did not follow a clear trend.
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CHAPTER 1

1. INTRODUCTION

1.1. RESEARCH MOTIVATION
The U.S. National Seismic Hazard Maps demonstrate that about half of the United States has
moderate to high earthquake seismic hazard level (Petersen, 2008). Also, hundreds of millions of
people around the world currently live in seismic prone zones, where their lives and properties
might be under a substantial risk from earthquakes (Kramer, 1996). Although the earthquake
occurrence seems inevitable, research in the area of earthquake effects could lead to a reduction in
death, injury, and property damage caused by earthquakes. The primary goal of this dissertation is
to investigate the effect of groundwater table fluctuations on the seismic response of soil layers
during earthquake events. Moreover, this research aims at filling the current knowledge gap on
kinematic soil-structure interaction. The work included designing a physical model representing a
target prototype structure, performing sets of dynamic centrifuge experiments, analyzing the data,
and matching experimental results with analytical models for soil-structure interaction.
Soils below the groundwater table are commonly fully saturated with water since water fills all the
void space in the soil. However, soils located above the groundwater table are not fully dry. Water
can rise with different mechanisms, such as capillary rise, above the water table; thus, soils become
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partially saturated with water. These soils are commonly referred to as unsaturated soil in the
literature. Furthermore, the groundwater table seasonally fluctuates, so even saturated soils can
become unsaturated at one point of time in a year. Therefore, the majority of geo-structures,
especially surface structures, are built on partially saturated soils.
Mechanical properties and responses of unsaturated soils are different from those of fully saturated
or dry soils (Ghayoomi & McCartney, 2011; Hoyos et al., 2013; Hoyos et al., 2015; Ghayoomi &
Jarast et al., 2018; Mirshekari et al., 2018a; Mousavi et al., 2019). In comparison with dry and
fully saturated soils, partially saturated soils have higher shear stiffness, but lower damping (Hoyos
et al., 2013). Also, the seismic site response of partially saturated soils differs from that of saturated
or dry soils (Mirshekari & Ghayoomi, 2017). However, the impact of soil moisture on soilstructure interaction response still requires further investigation. This research answers this
question through dynamic centrifuge modeling experiments of a soil-foundation system on soil
layers with various groundwater levels. It should be noted that uncertainty in soil material and
earthquake seismic motions can substantially affect site response and soil-structure interaction
effects. Although this dissertation did not study these uncertainties, the results of this research can
potentially pave the way for future research in these areas.
One of the steps in the design of a structure subjected to spatial variable ground motions is to
estimate kinematic transfer functions between a motion measured far from the structure, called the
Free Field Motion (FFM), with a motion, referred to as the Foundation Input Motion (FIM). FIM
is a motion which has been measured at the foundation of a structure if the foundation and the
superstructure would have been massless. Therefore, FIM is a theoretical motion and cannot be
measured. In current practice, motions measured at the foundation level, i.e., Foundation Motion
(FM), is being treated as FIM, which could potentially impose errors in the evaluation of kinematic
2

soil-structure interaction. Although analytical transfer functions are used to define this transfer
function based on FIM (Mita & Luco, 1986; Veletsos & Prasad, 1989; Veletsos et al., 1997), the
recorded data to match and calibrate these functions are obtained from FM measurements (Kim &
Stewart, 2003). However, FM is not only influenced by kinematic interaction but is also impacted
by the inertial forces of structural vibration around the flexible base natural frequency of the
system. In this dissertation, the previous assumption was experimentally evaluated and discussed
through three sets of dynamic centrifuge experiments.
1.2. RESEARCH OBJECTIVES
The objectives of this dissertation can be divided into two categories, which are the primary
objectives and the secondary objectives. The primary objectives are mainly about kinematic
interaction and site response of dry, saturated and unsaturated soils; however, the secondary
objectives are related to studies that were done to support the primary objectives and to further
improve the fundamental knowledge of SSI and unsaturated soil modeling.
The primary objectives of this dissertation are:
1. Study the effects of inertial interaction and the foundation mass on the kinematic transfer
functions.
2. Assess the impact of the intensity and the characteristics of ground motions on kinematic
SSI evaluation.
3. Determine the effect of the depth of the groundwater table on the site response and the
seismic soil settlement of unsaturated sandy soil and silty sand.
4. Assess the impact of the depth of the groundwater table on the kinematic transfer functions
of foundations placed on unsaturated soils.
The secondary objectives of this dissertation are:
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1. Estimate foundation impedance functions of a structure with a surface foundation based on
motions measured at the structure and in the free field.
2. Evaluate the performance of the two-stage scaling method, analytically developed by Iai
et al. (2005), to study soil-structure interaction of large structures in a relatively low
centripetal acceleration.
3. Study the scale factor of the capillary height of a sandy soil during centrifugation.
4. Determine the effect of centrifugation on the Soil Water Retention Curve (SWRC) of sandy
soil.
1.3. RESEARCH SCOPE AND DISSERTATION STRUCTURE
This dissertation is presented in twelve chapters, including eight regular chapters and four
appendix chapters. In addition to the introduction, background, testing procedures, and reference
sections, Chapters 4-7 specifically discuss the tasks undertaken to address the primary research
objectives, and Chapters 8-11 target the secondary research objective. A more detailed description
of the dissertation structure is discussed below:
Chapter 2 provides a research background associated with the primary objectives of the
dissertation. It starts by introducing soil-structure interaction effects and explains mechanisms
causing these effects. Then, the chapter continues by describing kinematic interaction and explains
in detail the analytical kinematic transfer functions used in this research to find the incoherence
parameter based on experimental transfer functions. After that, the method used to estimate
transfer functions based on acceleration time histories is described. The chapter also provides
background on the centrifuge modeling, unsaturated soil mechanics, methods to control the degree
of saturation during centrifugation, and ground motion parameters.
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Chapter 3 provides information about the experimental program. It starts by describing the
centrifuge facility utilized in the study. Then, it provides properties of the soils and the substitute
pore fluid used in the research. After that, methods implemented for the preparation of the soils
are explained. Furthermore, the chapter introduces the instruments used in the centrifuge
experiments and explains procedures performed to calibrate the sensors. Then, the methods used
to control the degree of saturation during centrifugation are explained. The chapter continues by
introducing the target prototype structure and the design and construction of physical models,
representing the prototype structure. Finally, the in-flight shake table calibration for a suite of
seismic motions is briefly discussed.
Chapter 4 investigates the effect of the superstructure and foundation mass on kinematic transfer
functions by performing three sets of dynamic centrifuge experiments. The chapter also evaluates
the effect of the ground motion characteristic and intensity on the incoherence parameter inferred
from kinematic interaction analysis.
Chapter 5 studies the effect of the depth of the groundwater table on seismic settlement and site
response of unsaturated soils by performing sets of dynamic centrifuge experiments. The effect of
the viscosity of the pore fluid on the seismic behavior of the soil layer is also assessed. The chapter
implements the capillary rise to control the degree of the saturation in the soil layers.
Chapter 6 explores the effect of the depth of the groundwater table on kinematic interaction transfer
functions of the case of foundations placed on unsaturated soils.
Chapter 7 summarizes and concludes this research and provides recommendations for future
research.
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Appendix Chapter 8 introduces the inertial interaction effects and explains methods which can be
used to estimate foundation impedance functions based on motions measured in the free field and
on an instrumented structure.
The methods, which are discussed in Chapter 8, are implemented in Appendix Chapter 9 to
estimate the foundation impedance functions of the target prototype structure in this dissertation.
The chapter also compares the experimental impedance functions with analytical foundation
impedance functions.
Appendix Chapter 10 evaluates the two-stage scaling method for soil-structure interaction
analyses. Currently, there is an increasing demand from the engineering community to study the
soil-structure interaction of large prototypes by performing centrifuge modeling. Iai et al. (2005)
analytically developed a method, called the two-stage scaling method, to conduct the centrifuge
modeling for large prototypes in a relatively low centripetal acceleration field. The chapter
experimentally assesses the performance of the method in physical modeling of soil-foundationstructure systems.
Appendix Chapter 11 provides results of a set of centrifuge experiments to study the scale factors
associated with the capillary height of a sandy soil during centrifugation and to determine the effect
of centrifugation on the SWRC of the sandy soil. The capillary rise method and the steady-state
infiltration technique were implemented to control the degree of the saturation of the soil
specimens during centrifugation. This section was performed in collaboration with Morteza
Mirhskeari, a former Ph.D. student at the University of New Hampshire.
Appendix Chapter 12 provides supplementary material for the various topics covered in the
dissertation.
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Chapter 13 compiles references cited in the dissertation manuscript.
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CHAPTER 2

2. BACKGROUND

2.1. ABSTRACT
This chapter presents background and procedures, which were used to conduct and analyze
dynamic centrifuge experiments performed for this dissertation. It starts by introducing the
fundamentals of Soil-Structure Interaction (SSI); then the two primary components of SSI,
including kinematic and inertial interactions, are discussed. Analytical models and procedures,
used to interpret the centrifuge experiments, are described in this chapter to make this dissertation
self-sufficient. The chapter also briefly introduces key related topics such as centrifuge modeling,
procedures for controlling the degree of saturation of soils during the centrifugation, ground
motion parameters, and mechanics of unsaturated soils.
2.2. INTRODUCTION TO SOIL-STRUCTURE INTERACTION
Figure 2-1 shows two identical structures with a relatively short distance from each other. One of
the structures is placed on a stiff rock, and the other is situated on soft soil.
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Figure 2-1. Two identical structures placed on a stiff rock and soft soil [redrawn from (Wolf, 1985)].

During an earthquake event, seismic motions propagate from the seismic source towards the
ground surface. Since in this example, the distance between the structures is small, the motion
arriving to point D would be approximately similar to the motions arriving to point E. Previous
research has revealed that when seismic motions propagate through stiff rocks, they do not alter
considerably (Wolf, 1985). As a result, motions at points A, B, and C are practically similar to the
motions at points D and E.
Due to structural vibration, overturning moments and transverse shear forces would be developed
at the foundation level. However, since the stiffness of the rock is very high, these moments and
forces do not cause any additional deformation at the base. Consequently, the motion measured at
the foundation of the structure on the rock, point C, would be practically identical to the motion at
the rock surface, point A. Therefore, the overall seismic response, in the case of structure on the
rock, would only depend on the properties of the structure. Commonly, structures are analyzed and
designed by assuming a fixed-base condition. The structure on the rock acceptably satisfies this
condition.
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Previous research has shown that when seismic motions propagate through soft soils, their
amplitude and frequency content may significantly alter (Wolf, 1985; NIST, 2012). Thus, a motion
measured at the soil surface, point H, diverges from motions measured inside the soil in points G
and E. This process is typically being investigated through site response analysis.
When incoherent (that is explained in detail later) and or inclined motions propagates towards the
soil surface, they arrive at the footprint of the foundation with time lags and different amplitudes.
Thus, motions at different points beneath the foundation may significantly vary from each other.
However, because the foundation stiffness is relatively high, the foundation does not allow these
points to move independently; consequently, the foundation moves according to an average of the
imposed displacement. This effect is called kinematic interaction.
During an earthquake event, structural vibrations generate overturning moments and transverse
forces at the foundation of the structure. Due to relatively low soil stiffness, these forces and
moments lead to additional deformation in the soil below the structure. This effect is called inertial
interaction. It should be noted that kinematic and inertial interactions occur concurrently, and they
affect each other. For instance, inertial interaction alters kinematic transfer functions around the
flexible base natural frequency of a structure (Borghei & Ghayoomi, 2019c).
Due to reasons as mentioned earlier, a motion measured at the foundation of a structure placed on
soft soil would differ from a motion measured at the soil surface far from the structure. Terms such
as “Soil-Structure Interaction (SSI)” and “Soil-Foundation-Structure Interaction (SFSI)” are
commonly used in the literature to describe this behavior (Wolf, 1985; Wolf, 1994; J. P. Stewart
et al., 1999; Kim & Stewart, 2003; NIST, 2012; Borghei & Ghayoomi, 2018a; Borghei &
Ghayoomi, 2018b; Borghei et al., 2019a; Borghei & Ghayoomi, 2019b; Borghei et al., 2019b;
Borghei & Ghayoomi, 2019c). It is worth mentioning that it has been observed in actual
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earthquakes that structures placed on deep soil soils suffered more severe damages compared to
their roughly similar, neighbor, structures sited on stiff rocks (Wolf, 1985). Soil-structure
interaction is believed to be the main reason for this phenomenon.

(Wolf, 1985; Wolf, 1994; J. P. Stewart et al., 1999; Kim & Stewart, 2003; NIST, 2012; Borghei & Ghayoomi, 2018a;

Borghei & Ghayoomi, 2018b; Borghei et al., 2019a; Borghei & Ghayoomi, 2019b; Borghei et al., 2019b; Borghei & Ghayoomi, 2019c)

2.3. DEFINITION OF TERMS USED IN SOIL-STRUCTURE INTERACTION
ANALYSIS
This section defines terms, which are commonly used in the literature to study soil-structure
interaction. Figure 2-2 shows these terms.
An earthquake commonly happens due to a sudden rupture in a fault of a tectonic plate of the earth.
Then, the generated motion propagates from the seismic source to the bedrock. This motion,
measured at the bedrock, is called Bedrock Motion (BM). The motion, then, travels inside the soil
layer and reaches the soil surface. Usually, the motion significantly alters, as it is propagating
through the soil layer. The motion, measured at the soil surface while not affected by any structural
vibrations, is called Free-Field Motion (FFM).
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Figure 2-2. Definition of terms used in soil-structure interaction.

It has been observed both experimentally and analytically that during an earthquake event, a
motion, measured at the foundation of a structure, named Foundation Motion (FM), diverges from
the free-field motion (Wong & Luco, 1985; Luco & Wong, 1986; Crouse et al., 1990a; Kim &
Stewart, 2003; Borghei & Ghayoomi, 2019c). This effect is commonly named Soil-Structure
Interaction (SSI) or Soil-Foundation-Structure Interaction (SFSI) in the literature. Two
mechanisms, which are kinematic and inertial interactions, are mainly responsible for the
difference between the foundation motion and the free-field motion, and they are concurrently
occurring.
When a foundation of a structure is subjected to spatially variable seismic ground motions, it
moves according to an average of the motions, arriving at the different points of the footprint of
the foundation. This effect is called kinematic interaction. Kinematic interaction is commonly
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considered using transfer functions between the free-field motion and motion, called Foundation
Input Motion (FIM). The foundation input motion is a theoretical motion and is defined to separate
the kinematic interaction effects from the inertial interaction effects. FIM is a motion which would
have occurred if the structure and the foundation have been massless. As mentioned, the other
effect occurring during an earthquake is called inertial interaction. Structural vibrations, such as
the Structure Motion, result in forces and moments at the foundation level of the structure. These
inertia-driven forces and moments lead to relative displacements and rotations between the
foundation input motion and the free field motion. This effect is commonly referred to as inertial
interaction.
2.4. INERTIAL INTERACTION
Since this dissertation primarily focuses on kinematic interaction, other topics such as, inertial
interaction, mechanisms that cause this interaction, and the procedures used to estimate foundation
impedance functions based on measured acceleration time histories are explained in detail in
Appendix, Chapter 8.
2.5. KINEMATIC INTERACTION
Due to kinematic interaction, the foundation motion diverges from the free field motion (Luco &
Wong, 1986; Mita & Luco, 1986; Veletsos et al., 1997). While the lateral component of the
foundation motion is decreased compared to the free field motion, the rocking and torsional
components of the foundation motion is introduced (Kim & Stewart, 2003; Mikami et al., 2006;
Mikami et al., 2008; Borghei & Ghayoomi, 2019c). Two main mechanisms, which are base slab
averaging and embedment effects, cause kinematic interaction (Elsabee & Morray, 1977; Hoshiya
& Ishii, 1983; Veletsos & Prasad, 1989; NIST, 2012). These mechanisms are explained in the
following sections. The embedment effect only occurs for foundations with embedment. Since the
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focus of this dissertation is on kinematic interaction of surface foundations, the embedment effect
did not happen in experiments performed for this dissertation. However, the effect is briefly
introduced in the following section. It is worth mentioning that although this dissertation focuses
on the surface foundations, the results of the base slab averaging effect, studied in this research,
are still applicable for the foundations with embedment, by considering the embedment effect
using the results from the previous research (Elsabee & Morray, 1977; Kausel et al., 1978).
2.5.1. Embedment effect
While seismic motions propagate from the bedrock to the soil surface during an earthquake event,
they may substantially alter. As a result, motions measured at a depth of a foundation would be
different from the free filed motion. As the motions travel upward, their amplitudes and frequency
contents may increase or decrease depending on several factors, such as characteristics of the
seismic motions and mechanical properties of the soil. Commonly, the motions amplify, as they
propagate toward the soil surface. Therefore, as the embedment of the foundation is increased,
motion amplitudes at higher elevations may increase (NIST, 2012). It is worth mentioning that the
rocking and torsional components of the foundation motion can be introduced for an embedded
foundation due to variations in seismic motions along the embedded sides of the foundation (NIST,
2012).
Elsabee and Morray (1977) and Kausel et al. (1978) performed finite element analyses to calculate
kinematic transfer functions between the motion in embedded foundations and the free filed
motions. In these studies, the foundations were excited with vertically propagating coherent shear
waves. Results of the research can be used to consider the embedment effects approximately.
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2.5.2. Base-slab averaging effect
When a surface foundation is subjected to incoherent and or inclined seismic waves, seismic
motions arrives at different points of the foundation footprint with various amplitudes and phase.
As discussed, the foundation would move according to an average of these motions. This effect is
called base slab averaging (Luco & Wong, 1986). The base slab averaging of surface foundations
is experimentally investigated in this research.
Previous research has shown significant variabilities in ground motions recorded even over short
distances in seismograph arrays during seismic events (Bolt et al., 1982; Hoshiya & Ishii, 1983;
Luco & Wong, 1986; Abrahamson et al., 1991; Zerva & Zervas, 2002). Variations of the free-field
motion from point to point happens as a result of inclined body waves, surface-waves, waves
coming from different points along with an extended seismic source, and waves traveling through
inhomogeneous materials (Luco & Wong, 1986). The wave passage effect causes deterministic
incoherence since it can be calculated by having an angle αy between the propagation direction of
the motion and the vertical axes. The remaining incoherence after removing the influence of wave
passage effect is stochastic.
It is essential to calculate the kinematic transfer function to analyze the dynamic response of a
foundation subjected to spatially varying seismic ground motions. This transfer function is defined
for massless foundations, while harmonically excited. The function indicates the amplitude ratio
of the components of a steady-state motion of a massless foundation to the free-field ground
motion at a reference point.
Mita and Luco (1986) developed nearly exact integral expressions for transfer functions of a rigid,
circular foundation, placed on an elastic half-space, by considering the wave passage effect and
the stochastic incoherence. They modeled the stochastic incoherence using a dimensionless ground
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motion incoherence parameter, 𝜅. 𝜅 is a real positive number. As the stochastic incoherence
increases, the 𝜅 value increases.
Figure 2-3 shows the coordinate system, which Mita and Luco (1986) used in their study with
some modifications. It should be noted that notations used by Mita and Luco (1986) in their study
were modified to be consistent with the notations used in this dissertation. Mita and Luco (1986)
also numerically solved their integral expressions for a few specific 𝜅 values and calculated
kinematic transfer functions, as shown in Figure 2-4. The transfer functions are plotted as functions
of the dimensionless frequency, 𝑎0 = 𝜔𝑟⁄𝑉𝑠 ; where 𝜔 is the circular frequency, 𝑟 is the radius of
the foundation, and 𝑉𝑠 is the shear wave velocity of the soil layer.

Figure 2-3. Coordinate system used by Mita and Luco (1986) to calculate transfer functions of a rigid circular
foundation, placed on an elastic half-space [redrawn from (Mita & Luco, 1986)].
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Figure 2-4. Transfer functions of foundation input motion for circular foundations, excited by vertically
incident incoherent waves: (a) lateral transfer function; (b) vertical transfer function; (c) torsional transfer
function; (d) rocking transfer function (Mita & Luco, 1986).

Figure 2-4 (a) demonstrates lateral transfer functions between the lateral component of the
foundation input motion and the lateral component of the free field motion. Vertical transfer
functions between the vertical component of the foundation input motion and the vertical
component of the free field motion are depicted in Figure 2-4 (b). Figure 2-4 (c) illustrates torsional
transfer function between the torsional component of the foundation input motion (around the
vertical axis shown in Figure 2-3 ) to the lateral component of the free field motion. Furthermore,
Figure 2-4 (d) depicts rocking transfer functions between the rocking component of the foundation
input motion (around the lateral axis shown in Figure 2-3) to the vertical component of the free
field motion. While the general trend of the lateral transfer functions is similar to the one for the
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vertical transfer function, the overall trend of the torsional transfer functions is analogous to the
one for the rocking transfer functions. Furthermore, for a given incoherence parameter, as the
frequency of the motion increases, while the lateral and vertical transfer functions continuously
decrease, the rocking and torsional transfer functions increase up to a peak value, then decrease.
Thus, it is possible that the amplitude of the rocking and torsional transfer functions for a higher
incoherence parameter would be smaller than the one for a smaller incoherence parameter in some
frequencies.
Later, Luco and Wong (1986) determined similar integral expressions for a rectangular foundation
in the same conditions. The coordinate system, which they used in their study with some
modifications, is displayed in Figure 2-5. Luco and Wong (1986) also numerically solved the
integral expressions for several incoherence parameters and estimated a variety of transfer
functions between components (3 translational and 3 rotational) of the foundation input motion
and components (3 transitional) of the free field motions.
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Figure 2-5. Coordinate system used by Luco and Wong (1986) to calculate transfer functions of a rigid
rectangular foundation, placed on an elastic half-space [redrawn from (Luco & Wong, 1986)].

Figure 2-6 and Figure 2-7 show transfer functions, estimated by Luco and Wong (1986), for square
foundations subjected to vertically incident incoherent waves. While Figure 2-6 illustrates transfer
functions between the lateral and rocking components of the foundation input motion to the lateral
and vertical components of the free field motions, Figure 2-7 depicts transfer functions between
the rocking and torsional components of the foundation input motion to the lateral and vertical
component of the free field motions. The transfer functions are plotted in these figures as a function
of the dimensionless frequency parameter for square foundation, 𝑏0 = 𝜔𝑏⁄𝑉𝑠 ; where 𝑏 is the half
width of the foundation. Transfer functions, shown in Figure 2-6 and Figure 2-7, can be used to
estimate the foundation input motion for a structure with a square surface foundation when the
structure is subjected to spatially variable ground motions.
Veletsos and Prasad (1989) simplified the integral expressions and developed closed-form
solutions for lateral and torsional transfer functions for a circular foundation. Finally, Veletsos et
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al. (1997) expanded the same closed-form expressions for a rectangular foundation. Since the focus
of this dissertation is on surface square foundations, the closed-form solutions, developed by
Veletsos et al. (1997), are discussed in more details in the following sections.

Figure 2-6. Transfer functions between the lateral and vertical components of the foundation input motion for
square foundations to the lateral and vertical components of the free field motion, when the foundations are
excited by vertically incident incoherent waves (Luco & Wong, 1986).
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Figure 2-7. Transfer functions between the rocking and torsional components of the foundation input motion
for square foundations to the lateral and vertical components of the free field motion when the foundations are
excited by vertically incident incoherent waves (Luco & Wong, 1986).

2.6. CLOSED-FORM EXPRESSIONS FOR TRANSFER FUNCTIONS OF
RECTANGULAR FOUNDATIONS
Veletsos et al. (1997) developed closed-form expressions for the lateral and torsional transfer
functions of rigid, rectangular foundations, resting on an elastic half-space, based on integral
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expressions formulated by Luco and Wong (1986). Figure 2-8 shows the coordinate system, used
by Veletsos et al. (1997) with some modifications. It should be mentioned that notations, used by
Veletsos et al. (1997), were modified to be consistent with notations, used in this dissertations.

Figure 2-8. coordinate system, used by Veletsos et al. (1997) for developing a closed-form solution for the
transfer function of rectangular foundations [redrawn from (Veletsos et al., 1997)].

The time variation of the free field motion is formulated in the frequency domain using a spaceinvariant, local Power Spectral Density (PSD) function, SFFM. The variation of the motion between
two arbitrary points, defined by the position vectors 𝑟⃗1 and 𝑟⃗2 , was expressed using a Cross PSD
function, 𝑆(𝑟⃗1 , 𝑟⃗2 𝜔), as shown in Equation (2-1). In this equation, the wave passage effect is
represented by the quantity Ψ, as shown in Equation (2-2), and the term Г is referred to as the
incoherence function, as shown in Equation (2-4).
Veletsos et al. (1997) used the incoherence function developed by Der et al. (1988). An
incoherence parameter, κ, is incorporated in the incoherence function to consider the stochastic
incoherence. The incoherence function values decrease by an increase in the incoherence
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parameter, the distance between the two arbitrary points, and the frequency of the motion. The
maximum value of the incoherence function is one and happens when the position vectors are
equal. The products ГSFFM and ΨSFFFM represent the components of the ground motion variability
caused by the stochastic incoherence and the wave passage effects, respectively (Veletsos et al.,
1997).
𝑆(𝑟⃗1 , 𝑟⃗2 𝜔) = Γ(𝑟⃗1 , 𝑟⃗2 𝜔) Ψ(𝑟⃗1 , 𝑟⃗2 𝜔)𝑆𝐹𝐹𝑀 (𝜔)

Ψ(𝑟⃗1 , 𝑟⃗2 𝜔) = 𝑒

𝑐𝑦 =

(2-1)

𝑦 −𝑦
[−𝑖𝜔( 1 2 )]
𝑐𝑦

(2-2)
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sin 𝛼𝑦

Γ(𝑟⃗1 , 𝑟⃗2 𝜔) = 𝑒 −((𝜔

(2-3)

̅𝑠,𝑟 )[𝜅𝑥 2 (𝑥1 −𝑥2 )2 +𝜅𝑦 2 (𝑦1 −𝑦2 )2 ])
⁄𝑉

2

(2-4)

where y1 and y2 are the components of 𝑟⃗1 and 𝑟⃗2 in the direction of wave propagation, 𝑉̅𝑠,𝑟 is the
average, strain-reduced, overburden-corrected, near-surface, shear wave velocity of the soil
beneath the foundation; αy is an angle between the propagation direction of the motion and the
vertical axes; 𝜅𝑥 and 𝜅𝑦 are the incoherence parameter in the directions x and y-axes; 𝜔 is the
circular frequency; and i is the square root of -1.
Veletsos et al. (1997) used the averaging technique, developed by Scanlan (1976), to calculate the
lateral and torsional components of FIM, while variations of the ground motion beneath a
rectangular foundation are expressed according to PSD function, shown in Equation (2-1).
Veletsos et al. (1997) defined three terms, which are 𝑆𝐿𝐿 , 𝑆𝑆𝑆 , and 𝑆𝐿𝑆 ; where 𝑆𝐿𝐿 is the PSD
function for the lateral or horizontal components of the foundation displacement, 𝑆𝑆𝑆 is the PSD
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function for the displacement component developed by the torsional component of the foundation
motion along the side of the foundation, and 𝑆𝐿𝑆 is the cross PSD function for the two motion
components of the foundation input motion. These three terms are calculated according to the
averaging technique as shown in Equations (2-5) to (2-7) (Veletsos et al., 1997).
𝑆𝐿𝐿 =

𝑆𝑆𝑆 =

𝑆𝑆𝑆 =

1
∫ ∫ 𝑆(𝑟⃗1 , 𝑟⃗2 𝜔) 𝑑𝐴1 𝑑𝐴2
𝐴2

(2-5)

𝑏2

(2-6)

𝐼Ψ

⃗1 , 𝑟⃗2
2 ∫ ∫ 𝑦1 𝑦2 𝑆(𝑟

𝜔) 𝑑𝐴1 𝑑𝐴2

𝑏
∫ ∫ 𝑦2 𝑆(𝑟⃗1 , 𝑟⃗2 𝜔) 𝑑𝐴1 𝑑𝐴2
𝐼Ψ 𝐴

(2-7)

Where 𝐴 equals 4𝑎𝑏; 𝑎 and 𝑏 are half-width and half-length of the foundation; 𝑑𝐴1 and 𝑑𝐴2 are
elemental areas; 𝐼Ψ is the polar second moment of area of the foundation about a vertical centroidal
1

axis, 𝐼Ψ = 3 𝐴(𝑎2 + 𝑏 2 ); 𝑠(𝑡) equals 𝑏ψ(𝑡); ψ(𝑡) shows the rotational time history of the
foundation around the vertical axis.
Veletsos et al. (1997) used Equations (2-5) to (2-7) to developed closed-form integral expressions
for lateral and torsional (rocking) kinematic transfer functions for rectangular surface foundations
subjected to inclined and incoherent seismic motions. These equations are presented in Appendix
Chapter 12, Section 12.2 to make this dissertation a self-sufficient source.
As discussed previously, Veletsos et al. (1997) developed closed-form solutions for lateral and
torsional transfer functions for rectangular foundations by considering the wave passage effect and
incoherence of motions. As shown in Figure 2-7, Luco and Wong (1986) numerically solved their
integral expressions for a square foundation for a few specific values of incoherence parameter.
Figure 2-7 illustrates that the general trends in torsional and rocking transfer functions are the
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same, although they are not equal. Therefore, in this research, experimental rocking transfer
functions were matched with the analytical torsional transfer function, developed by Veletsos et
al. (1997), to estimate the incoherence parameter for the rocking motion.
Seismic motions in this research were generated using a one-directional shake table. As a result,
the wave passage effect would be negligible, since the seismic motions approximately propagated
vertically from the bottom of the soil layer to the soil surface. Figure 2-9 shows the lateral and
torsional transfer functions of a typical square surface foundation, subjected to vertically incident
incoherent waves. The lateral and torsional transfer functions are shown in the figure in terms of
√𝑆𝐿𝐿 /𝑆𝐹𝐹𝑀 and √𝑆𝑆𝑆 /𝑆𝐹𝐹𝑀 , respectively. The transfer functions are plotted against a frequency
parameter, 𝑑𝑦 = 𝜅𝜔𝑏/𝑉̅𝑟 ; where b is the half of the foundation width. The frequency parameter
represents a combined effect of the incoherence parameter and the frequency of the motion. This
parameter is mainly defined to plot kinematic transfer functions for square foundations with
different widths, while they are excited with motions with various incoherence parameters, on the
same figures.
Figure 2-9 shows that as 𝑑𝑦 increases while the lateral transfer function monotonically decreases
from one, the torsional transfer function increases from zero to a peak value and then
monotonically decreases. It should be emphasized that the peak in the torsional transfer function
is not unique to only this transfer function. As showed in Figure 2-6 and Figure 2-7, the transfer
function between the lateral component of the free field motion and the lateral component of the
foundation input motion monotonically decreases as the frequency increases. But, the transfer
function between the lateral component of the free field motion and the transverse (also the
vertical) component of the foundation input motion increases from zero to a peak value and then
monotonically decreases. Furthermore, transfer functions between the lateral, transverse, and
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vertical components of the free field motion and the torsional and rocking components of the
foundation input motion increase from zero to a peak value then decrease. Therefore, when the
direction of the component of the foundation input motion and the free field motion is the same,
the transfer function does not have a peak; however, when the direction is not the same, the transfer
function has a peak, due to the interaction of between the two directions. The following summary
discusses the effect of different parameters on the frequency corresponding to the peak value, 𝑓 ∗ ,
in the torsional transfer function.
•

For a square foundation, as the width of foundation, or the incoherence parameter increase,
the 𝑓 ∗ value decreases. However, when the shear wave velocity of the soil increases, the
𝑓 ∗ value increases (Luco & Wong, 1986; Veletsos et al., 1997).

•

For a rectangular foundation, as the length of the foundation increase respect to the width
of the foundation, the 𝑓 ∗ value decreases (Luco & Wong, 1986; Veletsos et al., 1997).

•

For a rectangular foundation, as the incoherence parameter in the direction of the length of
the foundation increases relatively to the incoherence parameter in the direction of the
width of the foundation, the 𝑓 ∗ value decreases (Luco & Wong, 1986; Veletsos et al.,
1997).

•

For a rectangular foundation, as the wave passage effect increases, the 𝑓 ∗ value
decreases(Luco & Wong, 1986; Veletsos et al., 1997).

•

For a circular foundation, as the ration of the foundation or the incoherence parameter
increase, the 𝑓 ∗ value decreases. However, when the shear wave velocity of the soil
increases, the 𝑓 ∗ value increases (Mita & Luco, 1986; Veletsos & Prasad, 1989).

•

For a circular foundation, as the wave passage effect increases, the 𝑓 ∗ value decreases
(Mita & Luco, 1986; Veletsos & Prasad, 1989).
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Figure 2-9. Transfer functions of foundation input motion for square foundations, excited by vertically incident
incoherent waves: (a) lateral transfer function; (b) torsional (rocking) transfer function (Veletsos et al., 1997).

2.7. TRANSFER FUNCTION CALCULATION
Theoretically, the transfer function of two motions is the ratio of the Fourier transform of an output
motion time history, y(t), to the Fourier transform of an input motion, x(t). In frequencies in which
amplitude of the Fourier transform of x(t) is zero or close to zero, the transfer function would have
unrealistic spikes (Lalanne, 2010). Therefore in practice, transfer functions are conventionally
calculated based on smoothed power and cross-power density functions (Zerva & Zervas, 2002;
Kim & Stewart, 2003; Ghayoomi & Dashti, 2015; Borghei & Ghayoomi, 2018b). The smoothed
power and cross-power density functions describe smoothed amplitudes of the input and output
motions in the frequency domain. Lalanne (2010) describes in detail these functions and methods
which can be used to estimate these functions. Mikami et al. (2008) recommended keeping the
smoothing level of power and cross-spectral density functions constant to consistently compare
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transfer functions estimated from different events. They showed that the smoothing level could be
quantified by an effective frequency bandwidth, Be, which is approximately equal to 1/DW, where
DW is the time duration of each window in the full signal. In this study, Be is selected as 0.2 Hz to
be consistent with the value used by previous researches in this subject (Kim & Stewart, 2003;
Mikami et al., 2008). Windows were generated using Hanning function with 50% overlaps
between windows. Welch’s method was used to estimate smoothed power and cross-power
spectral density functions, while amplitudes of transfer functions were estimated based on
Equation (2-8).

𝐻(𝑓) = |

𝑆𝑥𝑦 (𝑓)
|
𝑆𝑥𝑥 (𝑓)

(2-8)

where Sxx(f) is a smoothed power spectral density function of x(t); and Sxy(f) is a smoothed crosspower spectral density function of x(t) and y(t).
The coherence function,γcoh2(f), Equation (2-9), can be used to quantify the noise level of the input
and output motions and the linearity between them. In the absence of noise, when the relation
between the two motions is linear, the coherence function is one. The γcoh2(f) would be between
zero and one, in conditions when noise is present in the measured motions, the relation between
the motion is non-linear, or the response is due to motions other than x(t) (Lalanne, 2010).
2

𝛾𝑐𝑜ℎ

2

(2-9)

|𝑆𝑥𝑦 (𝑓)|
(𝑓) =
𝑆𝑥𝑥 (𝑓) 𝑆𝑦𝑦 (𝑓)

where Syy(f) is a smoothed power spectral density function of y(t).
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2.8. CENTRIFUGE MODELING
2.8.1. Introduction to centrifuge modeling
In this research, small-scale physical models were tested in the geotechnical centrifuge,
representing target prototype structures, that were placed on dry and unsaturated soil layers. The
purpose of these tests was to study soil-structure interaction effects in different degrees of
saturation. By spinning a specimen in a centrifuge with target speed, a suitable centripetal
acceleration field can be applied to the specimen. In general, an increased gravitational field in the
centrifuge would lead to proportionally smaller model dimensions according to similitude laws
between the prototype and the physical model (Wood, 2004).
2.8.2. Scaling factors in centrifuge modeling
Scaling factors developed based on nondimensional similitude laws are used to convert data from
prototype to model scale and vice-versa. The scaling factors are commonly defined as the ratios of
various parameters in the prototype to the ones in the model. Several researchers have studied the
scaling factors for centrifuge modeling, and these scaling factors are readily available in the
literature, and some of them are shown in Table 2-1 (Wood, 2004; Iai et al., 2005; Garnier et al.,
2007; Towhata, 2008).
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Table 2-1. List of scaling factors for centrifuge experiments (Wood, 2004; Iai et al., 2005; Towhata, 2008).

Quantity

Scaling factors (prototype/model) for a centrifuge test in
η-g level
Length
η
Density
1
Acceleration
1/η
Stiffness
1
Stress
1
Axial Force
η2
Strain
1
Displacement
η
Pore fluid viscosity*
1 [1/η]
Pore fluid density
1
Soil permeability*
1/η [1]
Hydraulic gradient
1
Frequency (dynamic time)
1/η
Time (diffusion) *
η2 [η]
Time (creep)
1
Time (dynamic)
η
Velocity
1
Shear wave velocity
1
*
: [If the viscosity of the model pore fluid is increased to force the scaling factors for diffusion
time and dynamic time to be equal.]

2.8.3. Substitute pore fluid
Three time-dependent phenomena mainly control the behavior of soils, including creep,
consolidation (diffusion time), and dynamic motion propagation (dynamic time). The time scaling
factor for each of these phenomena is different in centrifuge modeling. The scaling factor for creep
time is unity, as shown in Table 2-1 (Wood, 2004). Since creep does not considerably occur for
the experiments performed in this research, it is not further discussed in this section.
The difference between the scaling factor for dynamic time and diffusion time is essential when
considering generation and dissipation of pore water pressure during a seismic event. A wellknown example for this situation is during liquefaction of fine granular soils. It can be shown that
by increasing the viscosity of the pore fluid proportional to the scaling factor of centripetal
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acceleration, these two scaling factors can be forced to be equal. It should be emphasized that
while the viscosity of the pore fluid is increased, other properties of the fluid, for example, the
density of the fluid should not be significantly altered (Wood, 2004).
Researchers have successfully tested various substitute fluids to be used instead of water in
dynamic centrifuge experiments (Stewart, et al., 1998; Dewoolkar et al., 1999). For instance,
Dewoolkar et al. (1999) by conducting triaxial compression tests, permeability tests, and seismic
centrifuge experiments have shown that a fluid made by dissolving powdered methylcellulose
(“metolose”) in water is an acceptable substitute pore fluid for seismic centrifuge experiments on
saturated sands.

(D. P. Stewart et al., 1998; Dewoolkar et al., 1999)

Metolose was used in this research as the substitute pore fluid. Shin-Etsu Chemical Company
commercially produces the material under the trade name METOLOSE, grade 90SH-100.
Metolose powder with a specific concentration was dissolved in warm water to produce fluid with
viscosity. The preparation of the substitute fluids is explained in detail in Chapter 3, Section 0.
2.9. EFFECTIVE STRESS IN SATURATED AND UNSATURATED SOILS
For dry and saturated soils, effective stress, 𝜎 ′ , equals total stress, 𝜎, minus pore water pressure,
𝑢𝑤 .

Equation (2-10) shows the classic definition of effective stress. Void spaces in unsaturated

soils are filled with both water and air; therefore, the system consists of three phases. The pressure
difference between the air and water leads to the generation of matric suction in the soil. Bishop
(1959) proposed Equation (2-11) to estimate the effective stress in unsaturated soils. In this
equation, 𝜒 is the effective stress parameter, and depends on the degree of saturation. While 𝜒 is
zero for completely dry soils, it is unity for saturated soils. It can be shown that in these two
extreme conditions Equation (2-11) reduces to Equation (2-10). In the literature, the terms 𝜎 − 𝑢𝑎 ,
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𝑢𝑎 − 𝑢𝑤 , and 𝜒(𝑢𝑎 − 𝑢𝑤 ) are usually called the net normal stress, matric suction, and suction
stress, respectively.
𝜎 ′ = 𝜎 − 𝑢𝑤

(2-10)

𝜎 ′ = 𝜎 − 𝑢𝑎 + 𝜒(𝑢𝑎 − 𝑢𝑤 )

(2-11)

2.10. EFFECT OF DEGREE OF SATURATION ON DYNAMIC PROPERTIES OF
UNSATURATED SOILS
The small-strain shear modulus of dry and saturated soils is proportional to the square root of the
mean effective stress (Seed & Idriss, 1970; Das, 2010). Previous research has shown that the smallstrain shear modulus of unsaturated soil is also proportional to the effective stress (Lu & Likos,
2006; Hoyos et al., 2013; Hoyos et al., 2015). In unsaturated soils, as the effective stress increases
due to an increase in matric suction, the small-strain shear modulus also increases while damping
ratio decreases (Hoyos et al., 2013). The relation between effective stress and matric suction is not
linear for unsaturated soils. Ghayoomi and McCartney (2011) studied the effect of matric suction
on the shear modulus of unsaturated soils using shear wave velocity measurements inside a
geotechnical centrifuge. They used bender element arrays in soil layers with different degrees of
saturation. Experimental results showed that the small-strain shear modulus of unsaturated soil is
more than the small-strain shear modulus of the soil in the dry and saturated conditions. Also, it
has been observed that the maximum increase of the small-strain shear modulus in sands happens
in middle range degree of saturation (Ghayoomi & McCartney, 2011). A similar trend was reported
for strain-dependent shear modulus of unsaturated sands, although to a lower extent (Ghayoomi et
al., 2017).
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2.11. CENTRIFUGE MODELING OF UNSATURATED SOILS
Geotechnical centrifuge modeling of unsaturated soils have been successfully used in variety of
applications such as measurement of hydraulic characteristics of fine material (Nimmo et al., 1987;
Conca & Wright, 1990; Reis et al., 2011a), understanding pollutant behavior in soils (Knight &
Mitchell, 1997; Esposito, 2000), slope stability problems (Deshpande & Muraleetharan, 1998),
climatic studies of soil-atmosphere interaction (Tristancho et al., 2011), thermomechanical
response of energy foundations (Stewart, & McCartney, 2013), measurement of mechanical
properties (Ghayoomi & McCartney, 2011), and site response (Mirshekari & Ghayoomi, 2017). In
these experiments, soil water content is commonly generated and controlled mainly using three
techniques, which are the capillary rise technique, the infiltration approach, and mixing soil with
a specific amount of water; as discussed in this section.

(M. A. Stewart & McCartney, 2013)

2.11.1. The capillary rise method
Soils below the groundwater table are fully saturated with water since water fills all void spaces.
However, soils above the groundwater table are not fully dry. Water can rise through the soils with
a variety of mechanisms such as capillary rise, due to surface tension. The capillary fringe height
is defined as the height corresponding to the air-entry suction head, and the height corresponding
to residual water content is named the capillary rise height (Lu & Likos, 2004).
The capillary rise technique has been successfully used to control the water content of soils during
centrifugation (Depountis et al., 2001; Rezzoug et al., 2004; Mirshekari et al., 2018b). For
conducting these experiments, a saturated soil specimen is spun in a centrifuge to reach a target
centripetal acceleration. Then, the water level is lowered in several steps to reach target elevations.
Commonly, drainage valves are used to control the water level.
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2.11.2. The steady-state infiltration technique
Several researchers have successfully used the steady-state infiltration technique to generate
uniform unsaturated flow, in soils during centrifugation (Nimmo et al., 1987; Conca & Wright,
1990; Ghayoomi & McCartney, 2011; Ghayoomi & Jarast et al., 2018; Mirshekari et al., 2018b).
After the specimen preparation and saturation in 1-g, the specimen is spun in a centrifuge until a
target centripetal is reached. Then, drainage valves of the soil container and valves on the
pressurized supply water are simultaneously opened. Water is sprayed on the soil surface using a
set of nozzles, while the excess water is drained from the specimen. Dell’Avanzi et al. (2004)
numerically showed that after reaching a steady-state condition, the soil water content and the
matric suction is constant through the depth of the specimen. By changing the flow rate, sprayed
on the specimen, different suction profiles can be generated. As the flow rate is increased, the
degrees of saturation is increased as well, and the absolute value of the matric suction is decreased.
2.11.3. Mixing soil and water for making unsaturated soils in centrifuge model
Mixing dry soil and water is another method to make unsaturated soils for centrifuge experiment;
however, this technique is not commonly used. Deshpande and Muraleetharan (1998) have
conducted seismic centrifuge experiments to study the dynamic behavior of unsaturated soil
embankments. The water content was controlled by mixing dry fine soils with specific amounts of
water; then the wet soils were compacted to build small scale soil embankments. The physical
model was spun in a centrifuge, and dynamic centrifuge experiments have been performed.
2.12. GROUND MOTION PARAMETERS
In this study, ground motion parameters, such as PGA, the mean period, (Tm), Arias intensity (Ia),
and Housner intensity (HI) were used to characterize the seismic motions. The Arias intensity, as
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shown in Equation (2-12), is related to the energy of the ground motion and has units of velocity
(Arias, 1970). The mean period, shown in Equation (2-13), represents the frequency content of the
motion using a single number (Rathje et al., 1998). Housner intensity is often used to represent the
response spectrum with a single parameter and can be calculated based on Equation (2-14). In this
study, the Housner intensity was calculated based on 5%-damped response spectrums, since the
response spectrum for a structure is commonly calculated based on the assumption that the
damping ratio is 5%.
𝜋 ∞ 2
𝐼𝑎 =
∫ 𝑎 (𝑡)𝑑𝑡
2𝑔 0
∑𝑗

𝑇𝑚 = ∑

(2-12)

𝑐2 𝑗
𝑓𝑗

2
𝑗𝑐 𝑗

(2-13)
for 0.25 ≤ fj ≤ 20 Hz

2.5

(2-14)

𝐻𝐼 = ∫ 𝑆𝑣 (𝑇𝑢𝑑 , 𝜉)𝑑𝑇𝑢𝑑
0.1

where g and t stands for the gravitational acceleration, and the time, respectively; a(t) represents
the acceleration time history; Cj and fj are the Fourier amplitude, and the discrete Fourier transform
frequencies, respectively; SV is the pseudo-velocity response spectrum for a structure with the
undamped natural period and a damping ratio of Tud and ξ, respectively.
The other ground motion parameter that is used in this study is called the shaking intensity rate
(SIR). Dashti et al. (2009) defined this parameter according to Equation (2-15).
𝑆𝐼𝑅 = 𝐼𝑎5−75 ⁄𝐷5−75

(2-15)

where Ia5-75 is the change in Arias intensity from 5 to 75% of its maximum value; and D5-75 is
corresponding time duration.
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Peak Ground Velocity (PGV) is also defined as the maximum absolute value of velocity-time
history, calculated from the integration of baseline-corrected acceleration time history in time. A
fourth-order, Butterworth high-pass filter with the cut-off frequency of 0.1 Hz was used for the
baseline correction.
2.13. SUMMARY
This chapter introduced the soil-structure interaction effect and its primary mechanisms, which are
inertial interaction and kinematic interaction. Then, it explained kinematic interaction and
analytical models for estimation of kinematic transfer functions in detail. Topics such as centrifuge
modeling, procedures for controlling the degree of saturation of soils during centrifugation, ground
motions parameters, and mechanics of unsaturated soils were also briefly covered in this chapter.
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CHAPTER 3

3. EXPERIMENTAL PROGRAM

3.1. ABSTRACT
This chapter starts by introducing the geotechnical centrifuge facility along with the equipment
used in this research. Then, it provides properties of the soils and the substitute pore fluid, used in
the seismic centrifuge experiments. The chapter also describes in detail the preparation and
saturation of the soil specimens, the methods used to control the degree of saturation of the soils
during the centrifugation, the design and construction of the physical models, and the calibration
of the in-flight shake table of the geotechnical centrifuge.
3.2. GEOTECHNICAL CENTRIFUGE FACILITY
The centrifuge experiments for this research were conducted in the geotechnical centrifuge facility
of the University of New Hampshire. The rotation radius of the centrifuge is about 1 m with 5 gton capacity. Figure 3-1 shows the centrifuge and its different parts. Figure 3-1(a) shows the front
view of the centrifuge. This beam centrifuge includes the testing platform side (shake-table side)
and the counterbalance side, as demonstrated in Figure 3-1(b). After a specimen is prepared, it is
placed on the platform, shown in Figure 3-1(c). Then, weights with the same amount of mass as
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the specimen are placed in the counter-balance side, shown in Figure 3-1(c). The centrifuge was
renovated in 2014 with more detailed description available in Ghayoomi and Wadsworth (2014).

Figure 3-1. Geotechnical centrifuge facility at the University of New Hampshire: (a) a front view of the
centrifuge; (b) a view from inside of the centrifuge; (c) a view of the shake table side of the centrifuge; (d) a
view of the counter-balance side of the centrifuge.

Figure 3-2 illustrates some of the major components of the centrifuge. An electronic motor, shown
in Figure 3-2(a), spins the arm of the centrifuge. In this centrifuge, energy for shaking the specimen
with seismic motions is provided by a hydraulic pump, displayed in Figure 3-2(b). The pump
increases the hydraulic fluid pressure to about 3000 psi (20.7 MPa). The pump sends the fluid to
a 4-gallon accumulator, shown in Figure 3-2(c). The accumulator is located outside of the
centrifuge and is equipped with an electronic valve. When the valve is open, the fluid is sent to a
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slip ring, shown in Figure 3-2(d). The slip ring allows to send and receive fluids, such as oil and
water, to the inside of the centrifuge. After the pressurized-oil passes the slip ring, it goes to two
in-flight 1-gallon accumulators, demonstrated in Figure 3-2(e). When the in-flight accumulators
are filled, the oil goes to a servo-valve, installed beneath the shake table. The servo-valve uses
pressurized oil to move an actuator. The actuator moves the shake table to the desired location.
The location of the shake table is measured by a Linear Position Sensor (LPS), shown in Figure
3-2(g). Data, measured by the LPS, is sent to the shake table controller to control the position of
the shake table through a closed feedback loop.
As the servo-valve uses the pressurized oil to move the shake table, the oil pressure decreases.
Thus, the servo-valve returns the low-pressure oil to the slip ring. The slip ring connects the lowpressure oil to a return one-gallon accumulator, demonstrated in Figure 3-2(e), to further decrease
the oil pressure. Then, the oil with low pressure goes to the storage tank inside the hydraulic pump.
Finally, the hydraulic pump boosts the oil pressure and resends it to the four-gallon accumulator.
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Figure 3-2. Major components of the geotechnical centrifuge: (a) electric motor, located beneath the centrifuge;
(b) hydraulic pump, located outside of the centrifuge; (c) 4-gallon accumulator, located outside of the
centrifuge; (d) slip-ring; (e) two 1-gallon accumulators, located inside of the centrifuge, beneath the centrifuge
arms; (f) 1-gallon return accumulator, located outside of the centrifuge; (g) Linear Position Sensor (LPS).
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Figure 3-3 displays some other major components of the centrifuge. Variety of sensors, such as
accelerometers, LVDTs (Linear Variable Differential Transformers), pore pressure sensors, and
dielectric sensors are used in experiments performed for this dissertation. These sensors should be
connected to a data acquisition system to measure different parameters. The accelerometers,
LVDTs, and pore pressure sensors are connected to the Data Acquisition (DAQ) channels, shown
in Figure 3-3(a). The channels are connected to the main data acquisition system, displayed in
Figure 3-3(b). The centrifuge is equipped with an in-flight computer, illustrated at the top of Figure
3-3(c). The main data acquisition system is connected to the computer to record sensor
measurements. When the centrifuge is being spun, the computer is remotely accessible with the
Wi-Fi signal through a remote computer. Dielectric sensors should be connected to another data
acquisition system, depicted in the bottom of Figure 3-3(c). The data acquisition system for the
dielectric sensors is also connected to the in-flight computer. As mentioned, the movement of the
shake table is automatically controlled by the shake table controller. The controller is secured in
the metal box, as shown in Figure 3-3(d).

41

Figure 3-3. Other major components of the centrifuge: (a) ports for connecting sensors such as accelerometers,
Linear Variable Differential Transformers (LVDTs), and pore pressure sensors to the main data acquisition
system; (b) main data acquisition system, made by National Instrument; (c) in-flight computer, shown on the
top of the photograph and data acquisition system of dielectric sensors.

The experiments, performed for this dissertation, require working with various fluids such as
water, de-aired water, metolose, and compressed air. Figure 3-4 shows the primary equipment for
this purpose. A control board, displayed in Figure 3-4(a), was built to facilitate working with fluids
in the geotechnical centrifuge laboratory. The control board can be used for the following
applications:
1. Supplying water, compressed air, and vacuum through different ports.
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2. Applying compressed air and vacuum to the large tank, shown in Figure 3-4(a), and the
drainage tank, illustrated in Figure 3-4(a).
3. Sending water and de-aired water through the slip ring to the inside of the centrifuge
The main application of the large tank is to store fluids such as water and metolose. A vacuum can
be applied to the tank to de-air the fluids; furthermore, the tank can be pressured with compressed
air to send the fluids to the centrifuge.
As it will be discussed in detail later, the pressure of the fluid, used to saturate a specimen should
be kept below a certain value to prevent the sand boiling phenomenon, when specimens are being
saturated by injecting fluids from the bottom of the soil layer. A small tank, shown in Figure 3-4(c),
is used for this purpose. The small tank was connected to the large tank and was filled to an
elevation less than an elevation causing the sand boiling condition in order to saturate specimens,
Some of the experiments, conducted for this research, required fluid drainage from specimens
during the centrifugation. The fluids were collected inside the tanks, mounted on the centrifuge
arm, to keep the balance between the specimen mass and the counterbalance mass. Two of these
tanks can be seen in Figure 3-1(c) on both sides of the in-flight shake table. After performing the
experiments, a vacuum was applied to the large drainage tank, then fluids in the tanks were sucked
to the large drainage tank. Figure 3-4(a) also displays a vacuum pump used in the centrifuge
laboratory.
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Figure 3-4. Major equipment for controlling fluids in the centrifuge laboratory: (a) a vacuum pump, a control
board, and a large tank; (b) a large drainage tank; (c) a small tank.

3.3. LAMINAR CONTAINER
The soil specimens in this research were prepared in a laminar container to decrease undesirable
boundary conditions effects. The width, length, and depth of the laminar container are about 177
mm, 355 mm, and 241 mm, respectively. Figure 3-5(a) shows a photograph of the container. The
laminar container was initially made by Hushmand et al. (1988) as a part of their research, and it
was slightly modified and was used in this research. Hushmand et al. (1988) described the
construction and properties of the container. A plastic bag is used inside the container to prevent
sand particles from going between the rings and to avoid water leakage.
In this research, soil layers were prepared inside the plastic bag glued to an aluminum bottom plate,
having a series of holes. The holes are connected to the container drainage ports. A layer of fine
gravel was placed on top of the aluminum plate to ensure that water drains uniformly from the soil
layer. Then, a piece of textile, depicted in Figure 3-5(b), was placed on the gravel layer and was
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taped to the plastic bag. The prime goal of the textile is to separate the layer of the fine gravel from
the soil specimen prepared in the laminar container.

Figure 3-5. (a) a photograph of the laminar container used in this research; (b) a photograph of textile used to
separate the soils prepared in the laminar container from a layer of fine gravel, placed at the bottom of the
laminar container.

3.4. SOIL MATERIAL
The experiments in this dissertation were performed on two types of soil, including sand and silty
sand. US SILICA Company produced the sandy soil under the commercial name of F-75 Unground
Silica Sand, Plant Ottawa, Illinois (US Silica, 2019). Since this soil is made from a plant located
in Ottawa, Illinois, the soil is commonly referred to as Ottawa sand in the literature. Figure 3-6(a)
shows a photograph of a sample of the sandy soil. It can be seen that the soil consists of white sand
particles. Figure 3-7 displays the grain size distribution of this sandy soil. The soil is classified as
a poorly graded sand (SP) based on USCS classification (ASTM D2487-11, 2011). The coefficient
of uniformity, 𝐶𝑢 , and the coefficient of curvature, 𝐶𝑐 , of the soil are 1.74 and 1.07, respectively.
The permeability of the soil was measured as 𝑘 = 1.2 × 10−2 𝑐𝑚⁄𝑠 by performing a constant
head test. The test setup is shown in Figure 3-8. The key soil properties of this sand are presented
in Table 3-1.
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The Soil Water Retention Curve (SWRC), shown in Figure 3-9, for the sandy soil, was measured
by performing a tensiometer test. According to the figure, the air entry value of the soil is about 3
kPa, and the volumetric water content of the soil reaches its residual value at matric suction about
6 kPa. The setup, used to measure the SWRC, consists of a flow pump-high air entry disc Axis
Translation system (Hilf, 1956) embedded inside a Direct Simple Shear (DSS) test apparatus;
shown in Figure 3-10.
The silty sand was prepared by mixing the sandy soil with five percent fine silica silt. Sheffield
Pottery Company produced the fine silica under the commercial name of Ground Silica, Sil-CoSil 52, Flint 325M (Sheffield Pottery, 2019). The ground silica consists of fine white particles. Figure
3-6(b) shows a sample of the produced silty sand. The figure generally shows that the two soils
are visually similar. According to USCS classification, the silty sand is classified as sand with silt
(SM) (ASTM D2487-11, 2011). Figure 3-7 also depicts the grain size distribution of this silty sand.
The permeability of the silty sand was measured as 𝑘 = 1.3 × 10−3 𝑐𝑚⁄𝑠 . By comparing the
permeability of the two soils, it can be shown that the permeability of the sandy soil is about 9
times more than the permeability of the silty sand.
The SWRC of the pure silt, which is Sil-Co-Sil 52, was also measured by performing a tensiometer
test. The test could be continued until matric suction in the soil reached about 37 kPa. After that,
air passed the pore stone; thus, matric suction could not be increased more. Results show that the
air entry value of the pure silt is about 27 kPa. The SWRC of the soil was plotted in Figure 3-9 up
to matric suction about 13 kPa.
The SWRC of the silty sand, which is a mixture of 95% Ottawa sand and 5% Sil-co-Sil 52, was
measured by conducting another tensiometer test. Figure 3-9 demonstrates the results of the test.
According to the figure, the air entry value of the silty sand (3 kPa) was close to the air-entry of
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the sand. When matric suction in the silty sand was increased about 14 kPa, air passed the pore
stone; thus, the test could not be continued further. According to Figure 3-9, the silty sand can
retain more water compared to the sand, when they are subjected to about the same amount of
matric suction.

Figure 3-6. Soil materials, used in this research: (a) F-75 Ottawa sand; (b) silty-sand, the mixture of F-75
Ottawa sand with five percent fine silica.
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Figure 3-7. Grain size distribution curve of the sandy soil (Ottawa Sand), the silt (Sil-co-sil 52), and the silty
sand. The grain size distribution of the silt was extracted from the data provided by Sheffield Company
(Sheffield Pottery, 2019).

Figure 3-8. Test setup for performing the constant head test to measure the permeability of soils.
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Figure 3-9. Soil water retention curve of the Ottawa Sand (F-75), the Silt (Sil-co-Sil 52), and the Silty Sand
(95% Ottawa Sand and 5% Silt).

Table 3-1. Properties of the sandy soil and silty sand used in this research.

Parameter
Coefficient of curvature, 𝐶𝑐
Coefficient of uniformity, 𝐶𝑢
𝐷50 (mm)
Specific gravity, 𝐺𝑠
Maximum void ratio, 𝑒𝑚𝑎𝑥
Minimum void ratio, 𝑒𝑚𝑖𝑛
Relative density, 𝐷𝑟 (%)
Void ratio, 𝑒
Soil dry density, 𝜌𝑑𝑟𝑦 , (kg/m3)
Soil saturated density, 𝜌𝑠𝑎𝑡 , (kg/m3)
Hydraulic conductivity, 𝑘 (cm/s)

Sandy Soil
1.07
1.74
0.19
2.65
0.80
0.49
62
0.61
1650
2027
1.2 × 10−2
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Silty Sand
1.07
1.90
0.19
2.65
Not measured
Not measured
Not measured
0.59
1669
2038
1.3 × 10−3

Figure 3-10. Equipment used to measure the soil water retention curve of soils: (a) front view of the device; (b)
prepared specimen; (c) control board; (d) hydraulic pump; (e) data acquisition system.
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3.5. SPECIMEN PREPARATION
The dry pluviation technique was used to prepare repeatable medium dense sandy soil layers.
Figure 3-11(a) and (b) depicts a hopper, used to rain the sandy soils in the laminar container. The
hopper has a rectangular orifice. The length of the orifice is about 267 mm, and its width can be
altered. The width of the orifice and the drop height of the sand particle can be changed to deposit
the soil with different densities. Figure 3-12 demonstrates a rigid box used for the calibration of
the hopper.
The calibration can be summarized as follows: The hopper was suspended from a crane, and the
oven-dry soil was poured into it. Then, the hopper was moved horizontally to cover the area of the
rigid box, while the soil was raining to the rigid box. After a layer of the soil with a thickness of
about 1 inch was deposited, the hopper was raised about 1 inch. This procedure was repeated until
the rigid box was filled with the soil. By measuring the mass of the soil in the rigid box, the density
and the relative density of the soil were calculated. The width of the orifice and the drop height
were changed until a soil layer was prepared with a density close to a target density. The
achieved/target relative density and the dry density of the soil for this research were measured as
62.6%, and 1650.2 kg/m3. The calibrated hopper was used to prepare the sandy soil in the laminar
container.
The dry pluviation technique cannot be used to prepare the silty sand due to the presence of fines
and potential particle separation. Thus, the silty sand was prepared by dry compaction technique.
Figure 3-11(c) shows a hammer, which was made for the preparation of the silty soil. The weight
of the hammer and the number of blows to each layer were calibrated to prepare the silty sand in
the rigid box with a density close to the dry density of the sandy soil. The thickness of each layer
was about 1 inch. The achieved/target dry density of the silty sand was measured as 1669 kg/m3.
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Figure 3-11. Devices used in the dry pluviation and dry compaction methods to deposit soils with target densities
in the laminar container: (a) front view of the hopper used in the dry pluviation technique; (b) top view of the
hopper; (c) hammer used in the dry compaction method to compact silty sand.

Figure 3-12. The rigid box used to calibrate the hopper and the hammer.

After the hopper and the hammer were calibrated, they were used to prepare soil in the laminar
container. While the soil was being prepared in the laminar container, arrays of sensors such as
accelerometers, pore pressure sensors, and dielectric sensors were placed in the soil layer. The
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mass of the specimen was measured, and weights with the same amount of mass were placed on
the counterbalance side of the centrifuge. Then, the specimen was lifted with a crane and was
placed on the shake table side of the centrifuge. After that, LVDTs were installed in desired
locations.
3.6. SATURATION OF SPECIMENS
The procedure, described below, was followed to saturate the soil specimens using either water or
metolose.
1. A sufficient amount of the fluid is stored in the large tank, shown in Figure 3-4(a).
2. A vacuum is applied to the tank for at least half an hour to de-air the fluid. After that, the
vacuum is released.
3. The dry specimen is placed on a scale to measure the mass of the specimen.
4. The head of the fluid, which cause the boiling condition if the fluid is injected from the
bottom of the specimen, is calculated.
5. The small tank, depicted in Figure 3-4(c), is placed near the laminar container. The
elevation of the bottom of the small tank is adjusted to be the same as the elevation of the
base of the laminar container.
6. The small tank is connected to the larger tank, and it is filled with the fluid to an elevation
less than the elevation causing the sand boiling.
7. The small tank is connected to the drainage ports at the bottom of the laminar container,
and water is allowed to go through the specimen.
8. The small tank is refilled in intervals, while water is going into the specimen.
9. The small tank is disconnected from the laminar container when a film of water with a
thickness of about 1 cm is accumulated at the soil surface.
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10. The mass of the saturated soil is measured, then the specimen is lifted with a crane and is
placed on the shake table atop the centrifuge platform.
3.7. SUBSTITUTE PORE FLUID
As mentioned in Chapter 2, Section 2.8.3, a substitute pore fluid in this research is made by mixing
water with the metolose powder, which is made by Shin-Etsu Chemical Company under the trade
name METOLOSE, grade 90SH-100. Figure 3-13(a) demonstrates a photograph of a sample of
the metolose powder. According to the figure, the metolose consists of white particles. Water was
warmed up to about its boiling temperature to solve the powder in water, then the powder with a
specific concentration by weight was added to water, and the mixture was stirred for about five
minutes. Figure 3-13(b) displays a mixture of water and metolose. The figure shows that the
mixture is a clear fluid, similar to water. The viscosity of the fluid is about 22.5 cSt. The kinematic
viscosity is often reported in the centistokes (cSt). This unit is named after Irish mathematician Sir
George Gabriel Stokes (1819-1903). The SI unit for the kinematic viscosity is square meter per
second (m2/s). It is worth mentioning that 1 cm2/s equals 100 cSt.
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Figure 3-13. (a) metolose powder; (b) mixture of water and metolose. The viscosity of the fluid is about 22.5
cSt.

3.7.1. Measuring the kinematic viscosity of fluids
Appendix, Chapter 12, Section 12.3 describes the procedure used in this dissertation for measuring
the viscosity of fluids.
3.7.2. Measuring fluid surface tension
Appendix, Chapter 8, Section 12.4 explains the method used in this research for measuring the
surface tension of fluids.
Figure 3-14 shows a variation of the surface tension of metolose fluids as a function of the viscosity
of the fluids. The surface tension of de-aired water also was measured and is depicted in the figure.
The figure illustrates that although the concentration of metolose significantly affects the viscosity
of the fluid, it does not substantially alter the surface tension of it.
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Figure 3-14. Variation of the surface tension of metolose fluids as a function of the viscosity of the fluids.

3.8. INSTRUMENTATION
3.8.1. Description of sensors used in centrifuge experiments
Figure 3-15 illustrates sensors which were used in the centrifuge experiments. Figure 3-15(a)
displays one of the accelerometers used in this research. As shown in the figure, these sensors are
relatively small, and they can accurately measure acceleration time history in one direction. Two
types of LVDTs, called small and large LVDTs, were used to measure displacement time histories
in various locations. A small LVDT, shown in Figure 3-15(b), can measure displacements with a
range of about 12.7 mm, while a larger LVDT, depicted Figure 3-15(c), can record displacements
with a range of about 25.4 mm. Due to space limitations, only small LVDTs can be mounted on
the side of the laminar container to measure the soil lateral displacement during seismic events.
Five pore pressure sensors were used in this research. These sensors can be divided into two
groups. While all of them can measure positive pore pressure, only some of them can measure soil
matric suction. The sensors, shown in Figure 3-15(d) and (e), can measure matric suction to
specific values since they have porous ceramics with specific air entry values. However, the sensor,
illustrated in Figure 3-15(f), cannot measure matric suction, since the air entry value of the sensor
is relatively low. It can be seen that the wall thickness of the sensor, depicted in Figure 3-15(d), is
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more than the one shown in Figure 3-15(e). The main reason is that one of the sensors was ordered
to be built with a thicker wall to investigate the effect of overburden pressure of the soil during
centrifugation. No significant overburden effect on the sensor diaphragm was observed even for
the sensor with the thin wall; hence, the effect of the overburden pressure on measured pore
pressure is negligible. It should be emphasized that pore pressure sensors should be fully saturated.
Thus, they can measure pore water pressure. The procedure for saturation of the sensors is
explained in Section 3.8.3.2.
In this research, dielectric sensors were also used to measure volumetric water content. Dielectric
sensors develop a magnetic field around themselves and measure the dielectric constant of the
media. A correlation between the dielectric constant and volumetric water content can be used to
estimate volumetric water content. The dielectric sensors can be calibrated for a specific soil to
increase the accuracy of estimation of the volumetric water content. In this research, the dielectric
sensors were calibrated for the sandy soil. The calibration procedure is discussed in the next
section. Figure 3-15(f) exhibits a photograph of one of the dielectric sensors, used in this research.
It is worth mentioning that some of the dielectric sensors used in this research are capable of
measuring temperature. Table 3-2 describes the instruments used in the centrifuge experiments.
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Figure 3-15. Sensors, used in the centrifuge experiments: (a) accelerometer; (b) small LVDT; (c) large LVDT;
(d) pore pressure sensor, capable to measure suction and positive pore fluid pressure, with thick wall; (e) pore
pressure sensor, capable to measure suction and positive pore fluid pressure, with thin wall; (f) pore pressure
sensor, capable to measure only positive pore fluid pressure; (g) dielectric sensor.
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Table 3-2. Description of instruments, used in the centrifuge experiments.

Instrument

Measured parameter

Producer company

Accelerometers
Linear Variable Differential Transformer
(LVDT)
Miniature tensiometers
Miniature pore pressure transducers
Capacitance sensors

Acceleration
Displacement

PCB
Measurement Specialties

Pore water pressure and matric suction
Pore water pressure
Volumetric water content

Measurement Specialties
Druck
Decagon Devices

3.8.2. Saturation of pore pressure sensors
The goal of sensor saturation is to saturate the ceramic stone, located at the tip of the sensor, and
the small space between the ceramic stone and the flexible diaphragm. When the ceramic stone
and the fluid chamber are saturated, the pressure can be transferred to the diaphragm with minimal
equilibration time. The procedure, developed by Take and Bolton (2003) was used in this research
to saturate pore pressure sensors with some modifications.
A tank, displayed in Figure 3-16, was made to be used for this purpose. As shown in the figure, a
pore pressure sensor can be inserted into the tank and can be secured with an air- and watertight
fitting. While the valve at the top of the tank is supposed to be connected to vacuum, the valve at
the base of the tank should be connected to a de-aired water tank. The procedure for saturation of
pore pressure sensors is summarized, below.
First, a pore pressure sensor is inserted and is secured to the tank. Then, the valve at the top of the
tank is opened; thus, the air inside the tank would be extracted. After that, the valve at the bottom
of the tank is opened, until the water in the tank reaches about 1 inch below the sensor. The tank
would be kept under a vacuum for at least about one and a half hours. Then, the water valve is
opened again to raise the water level in the tank to about 1 inch above the tip of the sensor. The
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system would be left under a vacuum for about one and a half hours. After that, the vacuum is
released, and the sensor is removed from the tank. The tip of the sensor should be kept inside the
water to make sure the sensor would stay appropriately saturated over time.

Figure 3-16. The tank used for saturation and calibration of pore pressure sensors.

3.8.3. Calibration of sensors
In this research, sensors such as pore pressure sensors, LVDTs, and dielectric sensors, should be
calibrated to transfer their recordings to useable measurements suitable for interpreting the system
behavior. Procedures implemented to calibrate the sensors is briefly presented in this section.
3.8.3.1.

Calibration of LVDT sensors

Figure 3-17 depicts the device, used to calibrate LVDTs. First, a sensor should be secured in a
designated part of the device. Then, the core should be inserted into the sensor. The sensor instantly
responses to the presence of its core by changing its output signal to an appropriate voltage value.
Then, the device is used to move the core and measure the movement with relatively high accuracy
(the resolution of the device is about 0.001 mm). The core would be moved several times, and the
measurements of the sensor and actual displacements would be recorded. These recordings are
used to find a correlation to convert the sensor voltage measurements to displacements in a suitable
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unit. Figure 3-18 shows an example of a calibration result for one of the LVDTs. It can be noticed
that the relationship between the measurement of the sensor and the actual displacement is linear.
It is worth mentioning that the LPS of the shake table was calibrated by moving its core and
measuring the displacement by a calibrated LVDT.

Figure 3-17. LVDT calibration device.

Figure 3-18. Typical calibration result for one of LVDTs, used in this research. The calibration was performed
for LVDT-1L-J62748.
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3.8.3.2.

Calibration of pore pressure sensors

The tank, shown in Figure 3-16, was also used to calibrate pore pressure sensors. The procedure
starts by inserting and securing a pore pressure sensor in the tank. Then, the valve at the top of the
tank is opened to vent air out of the tank. After that, the bottom valve is connected to a tank of deaired water, and the calibration tank is filled with water until water flows out of the top valve.
Then, the top valve is closed.
Figure 3-19 shows a device, which is used to apply various water pressure to the calibration tank.
The device consists of a tube attached to a ruler. The bottom of the tube is connected to a valve.
The valve can be used to fill or extract the water from the tube. The valve should be connected to
a tank of de-aired water with sufficient pressure to fill the device. The device is referred to as the
water column device, from this point.
When the water column device is filled with water, it is connected to the bottom valve of the
calibration tank. By opening the valve, pressure caused by water in the water column device is
applied to the pore pressure sensor. The water pressure at the elevation of the sensor diaphragm
can be calculated by measuring the height difference between the elevation of the diaphragm and
the elevation of the water in the water column device. The elevation of the water in the water
column device is altered several times, and water pressures measured by the sensor are recorded.
Then, a correlation between the sensor measurement and the actual water height pressure is
developed. Figure 3-20 shows a typical calibration result for one of the pore pressure sensors.
According to the figure, the correlation between the measurement of the sensor and the calculated
water pressure is liner.
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Figure 3-19. The device, called the water column, is used to calibrate pore pressure sensors.

Figure 3-20. Typical calibration result for one of the pore pressure sensors, used in this research. The
calibration was performed for EPB-1 sensor.
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3.8.3.3.

Calibration of dielectric sensors

A specific amount of dry Ottawa sand was mixed with water to calibrate the dielectric sensors.
The wet soil was stored in a sealed plastic bag for about one day to allow water to distribute
uniformly in the soil. Then, the soil was compacted in three layers in a plastic container. A
dielectric sensor was vertically inserted into the soil, and the reading of the sensor was recorded.
Then, the volumetric water content of the soil was independently calculated by measuring
dimensions of the container along with the mass and water content of the soil. The procedure was
repeated by mixing the soil with different water contents. The measurements of the dielectric
sensor and the calculated volumetric water content were used to estimate a correlation between the
measurement of the sensor and the actual volumetric water content. Figure 3-21 demonstrates a
typical calibration for one of the dielectric sensors. It can be noticed that the correlation is
approximately linear.

Figure 3-21. Typical calibration result for one of the dielectric sensors, used in this research. The calibration
was performed for EC-5 sensor.
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3.9. CONTROLLING WATER CONTENT OF SOILS DURING CENTRIFUGATION
In this research, the degree of saturation of the soil layers was controlled using two methods: i.e.,
the capillary rise technique and the steady-state infiltration technique. These techniques are
explained in this section.
3.9.1. Capillary rise technique
A specimen is prepared and saturated according to the methods explained in Chapter 3, Sections
3.5 and 3.6, respectively. The specimen is placed on the shake table of the centrifuge. Then, the
drainage valves of the laminar container are connected to electronic valves. These valves can be
opened and closed remotely through the inflight DAQ. The specimen is spun up in the centrifuge
to reach a target centripetal acceleration. The electronic valves are opened and closed promptly;
thus, some amount of water is drained from the specimen. The drained water is collected in the
drainage tanks, which are mounted on the centrifuge arm, to keep the balance between the mass of
the specimen and the mass of weights in the counterbalance side of the centrifuge. Two of these
tanks can be seen in Figure 3-1(c). The elevation of water in the specimen is monitored using the
arrays of the pore pressure sensors, installed in the soil layer in various depths. This process is
repeated until the elevation of water in the specimen acceptably reaches to a target elevation.
3.9.2. Steady-state infiltration technique
A specimen is prepared and saturated according to the methods explained in Chapter 3, Sections
3.5 and 3.6, respectively. Then, the following procedure is performed for applying this technique.
1. The mass of the saturated specimen is measured, and weights with the same amount of
mass are placed on the counterbalance side of the centrifuge.
2. The specimen is lifted with a crane and placed on the shake table of the centrifuge.
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3. The drainage valves of the laminar container are connected to electronic valves. Then,
output ports of the values are connected to the drainage tanks, mounted on the centrifuge
arm.
4. The large tank, shown in Figure 3-4(a), is filled with water, then it is pressurized to about
20 psi (138 kPa) by applying compressed air to the top of the tank.
5. The tank is connected to a one slip ring line, shown in Figure 3-2(d), to send pressurized
water into the centrifuge.
6. The pressurized water is connected to an electronic valve. Then, the output is again
connected to a valve, which can regulate the flow rate.
7. A set of nozzles, depicted in Figure 3-22, is installed on the top of the specimen and
connected to the flow-rate valve.
8. The specimen is spun up in the centrifuge to reach a target centripetal acceleration.
9. The electronic drainage valves of the laminar container and the electronic valve, which is
before the set of nozzles, are opened; thus, water is sprayed on the top of the specimen,
while it can be drained from the bottom of the specimen.
10. When the flow of water reaches to a steady-state condition, the volumetric water content
of the soil would be approximately constant through the depth of the specimen; hence, the
matric suction would be approximately constant in the soil. Ghayoomi et al. (2011)
explained mechanisms causing this phenomenon.
By following the mentioned procedure, a constant degree of saturation profile can be generated in
the soil layer. The flow-rate valve can be used to modify the speed of the flow to change the degree
of saturation in-depth; moreover, nozzles can be changed to spray water with a different rate;
consequently, the soil degree of saturation would be altered.
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Figure 3-22. Sets of nozzles used to spray water on the soil surface in the infiltration experiments.

3.10. DESIGN OF PHYSICAL MODELS
3.10.1. Description of the prototype structure
A simplified 4-story concrete structure with a 1-m thick surface mat foundation was selected as
the target prototype system. The width of the mat foundation was chosen to be 3.5 m, considering
the limitations of the laminar container. The foundation bearing pressure at the bottom of the
foundation for the prototype structure was estimated as 145 kPa considering typical dead and live
loads.
The dead and live loads for a typical concrete structure was estimated based on the values
suggested in an available design code (ASCE, 2010). The weight of the structure was estimated
by using the geometry of the structure. Then, by dividing the weight of the structure to the footprint
area of the foundation of the structure, the bearing pressure was determined. It is worth mentioning
that the bearing pressure used in the design of the physical model is consistent with values used
by other researchers to design physical models to study soil-structure interaction effects by
performing centrifuge molding (Ghayoomi & Dashti, 2015). In order to simulate meaningful SFSI
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effects, the first fixed-based natural frequency of the target prototype structure was selected as
3.36 Hz.
3.10.2. Description of physical models
In this study, two physical models were designed and built. Figure 3-23 shows a photograph of the
models. One of them was designed according to the scaling factors of the conventional centrifuge
modeling, which were introduced in Chapter 2, Section 2.8.2. The physical model is called the
Steel Foundation Structure Model (SFSM) or Conventional Centrifuge Model (CCM). SFSM was
designed to be tested in 50-g centripetal acceleration. The other physical model was designed
according to the scaling factors of the two-stage scaling method, which are introduced in
Appendix, Chapter 10, Section 10.3.1. The physical model is named the Two-stage Centrifuge
Model (TCM). TCM in this study was designed to be tested in 25-g centripetal acceleration.
While SFSM (or CCM) is used in Chapters 4 to 10, TCM is only used in Appendix, Chapter 10.
The design of SFSM is only discussed in this chapter to keep this chapter concise; however, the
design of TCM and the comparison of the two models are provided in Chapter 10. It should be
noted that SFSM is called the Conventional Centrifuge Model (CCM) in Chapter 10.
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Figure 3-23. Photograph of the physical models, called Steel Foundation Structure Model (SFSM) and Twostage Centrifuge Model (TCM). SFSM is also referred to as Conventional Centrifuge Model (CCM).

3.10.3. Design of steel foundation structure model
The dynamic centrifuge experiments of this research require direct contact between the physical
model and water. Therefore, stainless steel and aluminum were selected to be used for the
construction of the physical model to prevent corrosion of the model. Figure 3-24 (a) and (c) shows
a photograph of SFSM along with dimensions and materials used in the construction of the model.
Several properties of the prototype structure were selected to be considered in the design of the
physical model. These properties are:
1. The first fixed-base natural frequency
2. Foundation bearing pressure
3. The ratio of the mass of the foundation to the mass of the superstructure
4. Width and thickness of the foundation
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Figure 3-24. (a) a photograph of SFSM; (b) ABAQUS numerical model of SFSM; (c) dimensions and materials
used for SFMS.
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The scale factors of the centrifuge modeling were used to convert the properties from the prototype
scale to the model scale. Table 3-3 summarizes the scale factors used in the design.

Table 3-3. Scaling factors to design of the Steel Foundation Structure Model (SFSM).

Quantity
Linear dimension
Density
Strain
Acceleration
Time (dynamic)
Frequency
Displacement
Velocity
Stress
Stiffness
Axial force

Scaling factor (Prototype/model)
50
1
1
0.02
50
0.02
50
1
1
1
2500

The columns of the physical model should be designed in a way that they would stay elastic when
a suite of target seismic motions is applied to the physical model. Thus, this condition was
considered as one of the criteria for the design. Furthermore, the factor of safety of the physical
model against the overturning should be sufficient enough that the model would not overturn when
the model is excited with the seismic motions. The two other criteria, which should be considered
in the design, are related to the settlement and the bearing capacity of the physical model during
the centrifugation. The bearing pressure of the model should be selected in the way that when the
model is spun, bearing capacity failure and excessive settlement will not occur.
Dimensions of the components of the physical model were altered until all the mentioned criteria
were satisfied with error from target values less than five percent. A significant amount of hand
calculation was performed for the design; furthermore, the natural frequency of trials was
estimated by performing numerical modeling using the ABAQUS program (Simulia, 2012). The
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design consists of checking several trials. Figure 3-24 (b) shows a photograph of a numerical model
of the final trial performed for designing of SFSM. When the design was completed, all
components of the model were drawn in AutoCAD program.
After the construction of the model, dimensions of the constructed model were compared with
target dimensions, and strong similarities were observed between actual dimensions and target
dimensions of the model. The modal hammer test was performed to measure the actual natural
frequency and damping of the model. It is critical to constrain the lateral and rotational degree of
freedoms of the foundation of the model in all directions to measure the fixed-base natural
frequency of the physical model. The following method was implemented to create the mentioned
condition.
1. The bottom part of the foundation was detached from the physical model.
2. The rest of the physical model was connected to a steel plate.
3. The steel plate was used to secure the physical model to the large metal plate of the 1-g
shake table of the University of New Hampshire. The 1-g shake table was only used to
constrain movements of the base of the physical model.
Figure 3-25 shows the test setup that was used to measure the fixed-base natural frequency of the
physical model. It can be seen that the physical model was connected to the steel plate, and the
steel plate was secured to the shake table. The physical model was instrumented with a set of
accelerometers, as shown in the figure. The physical model was hit with a modal hammer, and the
accelerometers recorded the model vibration at various locations and direction. Figure 3-26 (a)
shows the horizontal vibration of the superstructure part of the physical model when the model
was excited by a shock of the modal hammer. It can be seen that as time passes, the vibration of
the mass decayed due to the system damping.
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Figure 3-25. Photograph of modal hammer test to measure natural frequency and the damping ratio of the
physical model.

The acceleration time history was converted from the time domain to the frequency domain to find
the natural frequency of the physical model, as shown in Figure 3-26(b). According to the figure,
the fixed-base natural frequency of the model was about 168 Hz (in the model scale). The damping
ratio of the model was also estimated at 0.3%, using the logarithmic decremented method (Chopra,
1995).
The properties of the physical model, SFSM, are presented in Table 3-4 in the prototype scale.
Furthermore, Veletsos and Nair (1975) suggested a set of dimensionless parameters, that
significantly control the SFSI effects. Some of these parameters were calculated for SFSM and are
presented in the table.
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Figure 3-26. Horizontal vibration of the superstructure of SFSM, when it is excited by a shock of a modal
hammer: (a) acceleration time history; (b) Fourier amplitude spectra.
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Table 3-4. Properties and SFSI-controlled parameters of SFSM on the prototype scale.
Properties
Foundation width (m)
foundation thickness (m)
Base pressure (kPa)
𝑓 ̅ (Hz)
𝑚𝑓 ⁄𝑚

Value
3.50
0.96
143.39
3.37
0.50
1.51
19.35
1.98
2
𝛾 = 𝑚⁄(𝜌𝜋𝑟 ℎ), the ratio of sstructure-to-soil mass
𝑓 ̅ = fixed-base first natural frequency of the structure
𝜌 = soil density
𝑚𝑓 = mass of foundation
𝐴𝑓 = Area of foundation

ℎ⁄𝑟
𝜎
𝛾
𝜎 = 𝑉𝑠, 𝑎𝑣𝑔 ⁄(𝑓ℎ), ratio of structure-to-soil stiffness
𝑉𝑠, 𝑎𝑣𝑔 = average shear wave velocity of soil
ℎ = height of structure
𝑚 = mass of superstructure
𝑟 = √𝐴𝑓 ⁄𝜋 , equivalent radius of foundation

It is worth mentioning that the friction between the physical model and the soil should be sufficient
to prevent excessive slippage between the foundation and soil when a specimen is excited by a
seismic motion. Therefore, medium-coarse sand particles, shown in Figure 3-27, were glued to the
bottom of the foundation of the physical model.

Figure 3-27. Sample of medium-coarse sand glued to the base of the physical model to increase friction between
the model and the soil.
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3.11. SHAKE TABLE CALIBRATION FOR A SUITE OF SEISMIC MOTIONS
The procedure proposed by Mason et al. (2010) was implemented to calibrate the in-flight shake
table. The procedure uses an iterative frequency-domain transfer function to approximately match
the motions achieved during the test with the target earthquake motions. A MATLAB code was
written to calibrate the shake table, while a specimen with a target mass is being spun in the
centrifuge.
In this research, five different historical earthquake motions, which are Northridge, Loma Prieta,
Kobe, Chi-Chi, and Landers, were selected. These earthquakes were selected since they cover a
wide range of ground motion characteristics. Table 3-5 provides description and properties of the
earthquakes.
The PGA of the earthquakes were scaled to about 0.1 g. Then, the shake table was calibrated to
generate seismic motions acceptably similar to the target motions. These motions were used in this
research to study the effect of various ground motions on kinematic interaction and site response
of dry and unsaturated soil specimens. Furthermore, the shake table was also calibrated for one of
the motions, which is Loma Prieta, with four different intensities. These four motions were used
to assess the effect of motion intensity of an earthquake motion on kinematic and inertial
interaction when a specimen is placed on a dry sandy soil. Table 3-5 tabulates the ground motion
parameters of achieved base motions when soil specimens were excited with the target motions.
The shake table was also calibrated for the motions, discussed in Table 3-5, according to the scale
factors of the two-stage scaling method. Chapter 10, Section 10.4.4, describes the motions and
compares them with the motions, shown in Table 3-5.
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Table 3-5. A suite of selected seismic motions and ground motion parameter of achieved base motion in the
prototype scale.

No.
1
2
3
4
5

Target seismic
Event
Northridge
Loma Prieta
Kobe
Chi-Chi
Landers

Motion ID
WPI
SCZ01
TAK
TCU
JOS
SCZ02
SCZ03
SCZ04

Moment
Year
Magnitude
Station Name
1994
6.69
Newhall W Pico Canyon
1989
6.96
Santa Cruz
1995
6.90
Takatori
1999
7.62
TCU
1992
7.28
Joshua Tree
Ground motion parameter
HI (cm)
𝑇𝑚 (s)
𝐼𝑎 (m/s)

Event ID
WPI
SCZ
TAK
TCU
JOS

PGA (g)
0.11
0.10
0.10
0.12
0.12
0.23
0.30
0.40

0.11
0.11
0.21
0.35
0.34
1.01
1.53
3.70

80.80
11.21
74.26
46.35
45.78
34.26
47.81
69.91

1.61
0.23
0.99
0.47
0.47
0.24
0.26
0.26

3.12. SOURCES OF UNCERTAINTIES IN THIS RESEARCH AND HOW THEY ARE
ADDRESSED
The primary sources of uncertainties in this research are the soil material, the seismic motions
generated by the shake table of the centrifuge, installation of the physical models and the sensors,
and performance of the sensors. This section describes each source and explains how its
undesirable effects were mitigated.
It is crucial to prepare repeatable soil specimens to minimize the uncertainty caused by the soil
material. In this research, the soil layers were prepared in the laminar container according to the
methods, explained in Chapter 3, Section 3.5. After preparation of each specimen, the mass of the
soil in the container was measured. The average and the population standard deviation of the mass
of the soil specimens were calculated. The ratio of the standard deviation to the average was
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determined less than 1%; therefore, the dry densities of the soil specimens were adequately similar
in various specimens.
Furthermore, the soil specimens in this research were consecutively excited with a suite of seismic
motions. The soil settled due to each seismic motion; therefore, the soil density increased after
each seismic motion. This behavior would generate some uncertainty in the soil properties.
However, the order, in which the seismic motions were applied to the specimen, was kept constant
to minimize the variations between the specimens. Furthermore, the dry density of the soils after
each seismic motion was estimated by assuming that the settlement would occur uniformly through
the depth of the specimen. It was observed that the relative density of the soil in the worst scenario
was increased from 62% to about 65%. Therefore, it was concluded that the variation in the dry
density due to the settlement of the soil should not significantly affect the overall response of the
soil specimen. Furthermore, some of the centrifuge experiments were repeated by applying the
suite of the seismic motions with a reverse other. Results show similarities between the two sets
of the experiments. Therefore, the soil settlement did not substantially change the properties of the
soil; although it was considered in analysis.
The other source of the uncertainty is the seismic motion, generated by the shake table of the
centrifuge. A seismic motion, generated by a shake table in a centrifuge experiment, is a function
of several parameters such as the command motion, the mass of the specimen, the centripetal
acceleration, the temperature of the hydraulic fluid, the performance of the hydraulic servo-valve,
the performance of the actuator, the performance of the slip-ring, and the performance of the
hydraulic-tubes. The variations caused by these parameters on the generated seismic monitors are
inevitable. In this research, the ground motion parameters of the base motion were compared to
quantify the uncertainties caused in the results. Chapter 4, Section 4.4.3 discussed the variations
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in the seismic motion generated in different experiments, and it was shown that the shake table
could apply acceptably repeatable motions in different experiments. Approaches like
normalization of the results were used to further mitigate the effect of this uncertainty on the
analysis.
The other source of the uncertainty is related to the installation of the sensors and the physical
models. In this research, sensors such as accelerometers, pore pressure sensors, and dielectric
sensors were placed inside the soil specimen, while the specimen was being prepared. Although
the sensors were installed with extreme caution in their locations and with the appropriate
orientations, some variations in the installation of the sensors are inevitable. These variations
caused uncertainties in the results of the experiments. Some experiments were repeated to evaluate
the effect of these uncertainties on the results of the experiments, and it was concluded that the
results of the experiments were adequately repeatable. These comparisons are provided in Chapter
4, Section 4.5.1.
The other source of uncertainty in this research is due to the performance of the sensors. It is well
known that any sensor has certain accuracy and resolution for measuring a parameter. For example,
an LVDT sensor cannot measure displacement larger than a certain value. An accelerometer
cannot accurately measure motions with very low frequencies and or very low amplitudes. A
dielectric sensor cannot precisely measure the water content of the soil when the soil is
approximately saturated. Moreover, the measurement of pore pressure sensors depends on the
saturation of the sensor, the air-entry value of the ceramic of the sensor, and the performance of
the diaphragm of the sensor. In this research, the sensors were selected based on the accuracy,
which is needed for the experiments, in order to minimize the uncertainty caused by the

79

performance of the sensors. Furthermore, the performance and limitations of the sensors were
considered in analyzing the experiments.
Another source of underrating is related to procedures used to analyze the experiments. For
example, the centripetal acceleration changes through the depth of the specimens; however, it was
assumed that it is constant from the bottom to the top of the specimens. This assumption was made
to be consistent with the methods, which previous researchers in this field used for analyzing
centrifuge experiments. Furthermore, transfer functions between different motions were estimated
in analyzing experiments in this dissertation. Several parameters, such as properties of the
windows used in the analyze significantly affect the estimation of the transfer functions. Therefore,
the properties of the windows were opted similar to the values used by other researchers to manage
the uncertainty involved in the analyses.
3.13. SUMMARY
The geotechnical centrifuge facility and the equipment, utilized in this research, were introduced
in this chapter. Furthermore, the properties of the soils and fluids used in the centrifuge
experiments were presented. The specimen preparation, the methods used to control the degree of
the saturation of the soils during the centrifugation, the design and construction of the physical
models, and the calibration of the shake table of the centrifuge for a suite of seismic motions were
also explained in the chapter. Furthermore, sources of uncertainties in this research were
introduced, then the methods used to address them were discussed.
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CHAPTER 4

4. THE ROLE OF KINEMATIC INTERACTION ON
MEASURED SEISMIC RESPONSE OF SOIL-FOUNDATIONSTRUCTURE SYSTEMS

4.1. ABSTRACT
Kinematic interaction transfer functions, defined as the ratio of foundation input motion to free
field motion, are commonly applied, while the motion measured at the foundation may differ from
that of a hypothetical foundation input motion. Results from a series of centrifuge experiments on
a foundation-structure model, and two foundation models revealed that: (1) inertial interaction
significantly affects the lateral and rocking transfer functions around structural flexible-base
natural frequencies; (2) while amplitudes of the lateral transfer functions of the foundationstructure model are smaller than those of the two other the physical models, amplitudes of the
rocking transfer functions are larger; thus, using available models may lead to over-reduction and
over-introduction of lateral and rocking foundation motions, respectively; (3) the effect of
foundation mass is not significant; (4) increasing the motion intensity decreases the incoherence
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parameters; and (5) incoherence parameters had good correlations with ground motion parameters
and soil shear wave velocity. 1
4.2. INTRODUCTION
Seismically induced Foundation Motions (FM) that are measured at the foundation of a structure
can be different from the Free Field Motion (FFM), which is a motion measured at the soil surface
far from the structure and is not affected by the structural vibration (Wolf, 1985; Luco & Wong,
1986; Veletsos et al., 1997; Stewart, et al., 1999; Kim & Stewart, 2003; NIST, 2012). Terms such
as “Soil-Structure Interaction (SSI)” or “Soil-Foundation-Structure Interaction (SFSI)” are
commonly used in the literature to describe this phenomenon. Two mechanisms, named kinematic
and inertial interactions, concurrently occur and cause the difference between FM and FFM. The
structural vibration leads to relative displacements between the foundation and the free-field. Since
this effect is caused by structural inertia, it is often called inertial interaction (Apsel & Luco, 1987;
Borghei & Ghayoomi, 2019a). On the other hand, kinematic interaction takes places due to the
relative stiffness of the foundation (Mita & Luco, 1986), which would alter the motion transferred
from the free field to the foundation.

(Wolf, 1985; Luco & Won g, 1986 ; Veletsos et al., 1997; J. P. Stewart et al., 19 99; Kim & Stewart, 2003; NI ST, 201 2)

Two different mechanisms, i.e., base slab averaging and embedment effects, are known as primary
sources of kinematic interaction (Elsabee & Morray, 1977; Hoshiya & Ishii, 1983; Veletsos &
Prasad, 1989; NIST, 2012). As seismic motions propagate upward from the bedrock to the soil
surface and through the soil layer, it may significantly alter; i.e., motion amplitudes are often
intensified. Therefore, as the embedment of the foundation increases, the seismic amplitudes at
1

A journal paper and a conference paper have been written based on the results of this chapter. The journal
paper, (Borghei & Ghayoomi, 2019), is published in Soil Dynamics and Earthquake Engineering Journal.
Furthermore, the conference paper (Borghei & Ghayoomi, 2018) was published in the proceedings of the
5th Geotechnical Earthquake Engineering and Soil Dynamics conference in Austin, Texas. The paper was
also orally presented at the conference.
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foundation level decrease (NIST, 2012). Furthermore, incoherent and or inclined waves arrive at
different points of the foundation footprint with different amplitudes and phases. Due to the
foundation stiffness, the foundation would move according to an averaged motion (Luco & Wong,
1986); this effect is called base slab averaging. It has been shown, both experimentally and
numerically, that as a result of kinematic interaction, the lateral component of FM reduces
compared to FFM, while the rocking components are generated in FM (Luco & Wong, 1986). In
theoretical sub-structuring SSI analyses and in order to separate kinematic and inertial interaction
response, kinematic interaction is considered by using a transfer function between FFM and a
motion called Foundation Input Motion (FIM). FIM is a motion that occurs in the foundation if
the structure and the foundation would have been massless. Therefore, it is a hypothetical motion
and cannot be physically measured (Veletsos & Prasad, 1989; Veletsos et al., 1997).
Mita and Luco (1986) developed nearly exact integral expressions for transfer functions of a rigid,
circular foundation, placed on an elastic half-space, by considering the wave passage effect and
the stochastic incoherence. Then, Luco and Wong (1986) determined similar integral expressions
for a rectangular foundation in the same conditions. Veletsos and Prasad (1989) simplified the
integral expressions and developed closed-form solutions for lateral and torsional transfer
functions for a circular foundation. Finally, Veletsos et al. (1997) expanded the same closed-form
expressions for a rectangular foundation. In these studies, the stochastic incoherence was modeled
using a dimensionless ground motion incoherence parameter, κ, which is a real positive number
and increases as the stochastic incoherence increases.
The most challenging part of using the theoretical transfer functions for structural design is to
choose a reasonable number for the incoherence parameter. Hence, Kim and Stewart (2003) used
field data from 29 sites having instrumented structures and free-field accelerographs to estimate
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the incoherence parameter for the structures during relatively strong earthquake motions. They
estimated lateral and rocking transfer functions for the structures based on measured acceleration
time histories. By matching the estimated transfer functions with the theoretical transfer functions
developed by Veletsos et al. (1997), the incoherence parameters were determined and were called
the apparent incoherence parameter, κa, since the wave passage effect was assumed negligible.
Then, they determined a correlation between the average of incoherence parameters of transverse
and longitudinal directions with a small-strain near-surface shear-wave velocity of the soil for
different sites. They suggested using this correlation to approximately estimate the kinematic
interaction effect. Code provisions such as the 2015 NEHRP Provisions (BSSC, 2015) and
ASCE/SEI 7-16 (ASCE, 2016) use this correlation to generate simplified methods to consider the
reduction of the lateral component of FIM due to the kinematic interaction.
The semi-empirical model for the incoherence parameter, developed by Kim and Stewart (2003),
is based on assumptions, which should be experimentally validated. This model was based on a
set of parametric study with an assumption that FM represents FIM except near the first flexiblebase natural frequency of the structure. A three-degree-of-freedom structure on a compliant base,
defined according to impedance functions developed by Veletsos and Verbič (1973) for a rigid
circular foundation, was numerically modeled. The parametric study was conducted across a wide
range of the dimensionless parameters, controlling the SFSI effects, where transfer functions
between the lateral component of FM and FFM were estimated. It was observed that the inertial
interaction mainly affects the transfer function around the flexible-base natural frequency of the
structure. Thus, it was concluded that by removing data points near the flexible-base natural
frequency, the FM/FFM transfer function would represent the FIM/FFM transfer function.
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This paper presents the results of sets of dynamic centrifuge experiments to evaluate the
assumptions embedded in kinematic interaction analysis by moving from FM to motions closer to
FIM. A modular single-degree of freedom physical model, representing a target concrete structure
with a mat foundation in 50-g centripetal acceleration, was designed and constructed. The physical
model was placed on a layer of dry sandy soil, and the specimen was spun in a geotechnical
centrifuge to reach to the target centripetal acceleration at the soil surface, then, a suite of scaled
earthquake motions was consecutively applied to the bottom of the specimen. the superstructure
part of the physical model was removed to decrease the effect of inertial interaction on the
kinematic interaction, and only the foundation part was placed on the soil; then, the experiments
were repeated. Furthermore, to study the effect of the foundation mass on the kinematic interaction,
the foundation part was rebuilt using light acrylic glass, and the experiments were repeated. The
experimental lateral and rocking transfer functions were estimated. Then, by matching them with
the theoretical transfer functions, the incoherence parameters were computed.
4.3. BACKGROUND
4.3.1. Kinematic interaction: base-slab averaging
Chapter 2, Section 2.5 explains in detail kinematic interaction, mechanisms causing the interaction,
and analytical which are available in the literature for estimation of kinematic transfer functions.
In this chapter, experimental transfer functions were matched with analytical transfer functions,
developed by Veletsos et al. (1997) for rectangular foundations, placed on the surface of a halfspace soil layer.
Seismic motions were generated using a one-directional shake table. As a result, the wave passage
effect would be negligible, since the seismic motions approximately propagated vertically from
the bottom of the soil layer to the soil surface. Figure 4-1 shows the lateral and torsional transfer
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functions of a typical square foundation, subjected to vertically incident incoherent waves. The
lateral and torsional transfer functions are shown in the figure in terms of √𝑆𝐿𝐿 /𝑆𝐹𝐹𝑀
and √𝑆𝑆𝑆 /𝑆𝐹𝐹𝑀 , respectively, where SLL is the PSD function for the lateral displacement of the
foundation and SSS is the PSD function for the product of the foundation half-width and the rotation
time history of the foundation about a perpendicular axis to the foundation surface. The transfer
functions are plotted against a frequency parameter, 𝑑𝑦 = 𝜅𝜔𝑏/𝑉̅𝑟 ; where b is the half of the
foundation width.

Figure 4-1. Transfer functions of foundation input motion for square foundations, excited by vertically incident
inherent waves: (a) lateral transfer function; (b) torsional (rocking) transfer function (Veletsos et al., 1997).

4.3.2. Kinematic interaction in building codes
Kinematic interaction is neglected in the 2003 and 2009 NEHRP Provisions (BSSC, 2003; BSSC,
2009). In the 2015 NEHRP Provisions, the reduction due to the kinematic interaction effect is not
permitted with the equivalent lateral force procedure and the modal analysis procedure. However,
the reduction is allowed in the response history procedure with some restrictions (BSSC, 2015).
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In the response history procedure, suites of ground motion acceleration histories, which are
compatible with a site-specific response spectrum or with the general response spectrum
recommend by a design standard, are calculated. To consider the kinematic interaction reduction,
the 2015 NEHRP Provisions suggests reducing the general or site-specific response spectrum by
multiplying them in each period by given equations for the Response Spectrum Ratio, which is the
ratio of the response spectra of FIM to the response spectral of FFM. The code estimates FIM by
considering the base slab averaging effect using the semi-empirical model, developed by Kim and
Stewart (2003), and the embedment effect based on analytical solutions by Day (1978) for
embedded foundations subjected to vertically propagating coherent waves. It allows the kinematic
interaction reduction to specific values; however, it permits more aggressive reductions if the
calculation is peer-reviewed. When the site-specific response spectrum is used for the design, the
Provisions allows reducing the site-specific response spectrum up to 80 percent of its original
value; however, when the general response spectrum is used for the design, the Provisions allows
decreasing the general response spectrum up to 70 percent of its value. The Provisions allows
further reduction if the authority that has jurisdiction reviews and approves the calculations. It
should be emphasized that the Provisions limits reductions of both methods up to 60 percent.
Among the structural standards, ASCE/SEI 7-10 neglected kinematic interaction (ASCE, 2010),
while in the newer edition, ASCE/SEI 7-16, allows the kinematic interaction reduction (ASCE,
2016). ASCE/SEI 7-16 (2016) adopted recommendations from the 2015 NEHRP Provisions
(BSSC, 2015) for kinematic interaction with one major change: ASCE/7-16 (2016) did not permit
more reduction, even if the SSI calculation is peer-reviewed. It should be emphasized that in the
mentioned building codes and provisions, the introduction of rocking motion due to kinematic
interaction is still neglected.
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4.4. EXPERIMENTAL AND ANALYSIS PROCEDURES
4.4.1. Design of physical models
The target prototype structure of this study is introduced in Chapter 3, Section 3.10.1. A physical
model, called Steel Foundation-Structure Model (SFSM), was designed and was constructed to
represent the prototype structure in 50 g centripetal acceleration. The design and construction of
the physical model are presented in Chapter 3, Section 3.10.3. Figure 4-2(a) depicts a photograph
of the model; furthermore, Table 4-1 provides properties of it.

Figure 4-2. A photograph of the Steel Foundation-Structure Model (SFSM); (b) a photograph of the Steel
Foundation Model (SFM); (c) a photograph of the Acrylic Foundation Model (AFM); and (d) schematic and
instrumentation layout of SFSM experiments. BM, FFM, SHM, FM L, and FMR stands for base motion, free
field motion, horizontal structure motion, the lateral component of the foundation motion, and the rocking
component of the foundation motion, respectively.
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Table 4-1. Properties of SFSM, SFM, and AFM in the prototype scale.
Properties
Foundation width (m)
Foundation thickness (m)
Base pressure (kPa)
Total mass (g)
𝑉̅𝑠,𝑂𝐶 (m/s)
ffix (Hz)
mf/m
h/req
σsss
γssm
σsss =𝑉̅𝑠,𝐹𝐹 /𝑓𝑓𝑖𝑥 ℎ, ratio of structure-to-soil stiffness
ffix = fixed-base first natural frequency of structure
m = mass of superstructure
mf = mass of foundation
Af = Area of foundation

SFSM
SFM
AFM
3.50
3.50
3.50
0.96
0.96
0.58
143.4
49.9
7.9
1432.7
498.4
79.3
255.0
204.2
154.5
3.4
Not applicable
0.5
1.51
12.66
1.98
γssm = m/(ρπreq2h), ratio of structure-to-soil mass
h = height of structure
ρ = soil density
𝑟𝑒𝑞 = √𝐴𝑓 ⁄𝜋 equivalent radius of foundation

Dynamic experiments were also performed on two stand-alone foundations to study the effect of
inertial interaction and the mass of the foundation on kinematic interaction. The first isolated
foundation, called Steel Foundation Model (SFM), was made by removing the superstructure part
of SFSM. Figure 4-2(b) shows a photograph of this SFM model. As shown in the figure, a plastic
sheet was added to the top of the steel foundation to hold the two vertical accelerometers, used to
measure the rocking motion. The second foundation with the same dimensions as SFM was built
from an acrylic glass sheet and was called Acrylic Foundation Model (AFM), as shown in Figure
4-2(c). Properties of SFM and AFM are shown in Table 4-1. According to the table, the mass of
AFM is significantly smaller than the mass of the SFM. Figure 4-2 (d) shows a schematic layout
of an example of performed experiments. Arrays of accelerometers and Linear Variable Differential
Transformers (LVDTs) were used to measure acceleration and displacement time histories at

different locations within the experiment. The accelerometers are labeled in the figure according
to their applications in this chapter.
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4.4.2. Soil material
F-75 silica sand was used as the soil material in this study. Properties of the soil are presented in
Chapter 3, Section 3.4. The soil was prepared in the laminar container using the dry pluviation
technique, according to Chapter 3, Section 3.5. The relative density and dry density of the prepared
soil are about 62% and 1650.2 kg/m3, respectively.
A harmonic mean was used to calculate an average small-strain shear wave velocity of the soil in
the free-field condition and beneath a physical model from the soil surface to the effective depth,
which is about half of the foundation width as suggested by Stewart et al. (2003). Equation (4-1),
suggested by NIST (2012) for sandy soils, is used to correct shear wave velocity of the soil
estimated in the free-field at depth z, Vs(z), based on the increment of vertical stress due to the
weight of the physical models at depth z, Δ𝜎𝑣 ′ (𝑧). An equation suggested by Seed and Idriss
(1970) for clean sands was used to estimate Vs(z), while Δ𝜎𝑣 ′ (𝑧) was estimated based on an
equation developed by Poulos and Davis (1974) for induced vertical stress beneath the center of
the square loaded area. The average, near-surface, small-strain shear wave velocity of the soil in
the free field, 𝑉̅𝑠,𝐹𝐹 , was determined as 127.3 m/s. Moreover, the average, overburden-corrected,
small-strain, near-surface shear wave velocities of the soil beneath different physical models, 𝑉̅𝑠,𝑂𝐶 ,
are presented in Table 4-1.
1

(4-1)

𝜎𝑣 ′ (𝑧) + Δ𝜎𝑣 ′ (𝑧) 4
𝑉𝑠,𝑂𝐶 (𝑧) ≈ 𝑉𝑠 (𝑧) (
)
𝜎𝑣 ′ (𝑧)

where 𝜎𝑣 ′ (𝑧) is the effective stress of the soil in the free field at depth z; and 𝑉𝑠,𝑂𝐶 (𝑧) is the
overburden-corrected shear wave velocity of the soil at depth z.
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The shear modulus reduction function, suggested by Menq (2003) and shown in Equation (4-2),
was used to reduce the 𝑉̅𝑠,𝑂𝐶 according to the induced shear strain in the soil to estimate the average,
strain-reduced, overburden-corrected, near-surface, shear wave velocity, 𝑉̅𝑠,𝑟 .
𝐺
𝐺𝑚𝑎𝑥

=

1
𝛾 𝑎𝑐
1 + (𝛾 )
𝑟

(4-2)

where Gmax is the small-strain shear modulus of the soil; and G is the strain-reduced shear modulus
of the soil. In this equation, the reference strain, γr, and the curvature coefficient, ac, were
approximated as 0.037% and 0.78, respectively, for the soil material used in this study at the depth
about half of the foundation width. In this study, horizontal soil displacement time histories,
measured by the lateral LVDTs aligned with the soil surface and 3.18 m (in the prototype scale)
below the soil surface, as shown in Figure 4-2 (d), were used to estimate an approximate induced
shear strain in the soil beneath the physical models, γ.
Idriss and Seed (1968) developed closed-form solutions to calculate the natural periods of a soil
layer when the small-strain shear modulus increases as a function of depth. By assuming that the
shear modulus of the sandy soil increases with a square root of depth, the first small-strain natural
period of the soil layer in prototype scale, Ts, was computed as 0.17 seconds (the small-strain
natural frequency of the soil, fs, was estimated as 6.1 Hz) using these closed-form solutions.
4.4.3. Seismic motions
The sets of dynamic centrifuge experiments included two experiments using SFSM, i.e. TestASFSM and Test-BSFSM, two experiments using SFM, i.e. Test-ASFM and Test-BSFM, two
experiments using AFM, i.e. Test-AAFM and Test-BAFM, and three repeatability check experiments,
i.e. Test-ASFSM R , Test-BSFSM R, and Test-ASFM R. A suite of ground motions was consequentially
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applied to the bottom of the shake table in each experiment. Table 4-2 provides a detailed
description of the experiments. Test-ASFSM, Test-ASFM, and Test-AAFM were performed to
assess the effect of different earthquake motion characteristics while five earthquake motions were
scaled to the same Peak Ground Acceleration (PGA), defined as the maximum absolute value of
acceleration time history. Test-BSFSM, Test-BSFM, and Test-BAFM, however, were intended to
investigate the effect of motion intensity by applying one of the motions, i.e., SCZ motion, with
four different intensities in a sequence. The shake table of the centrifuge was calibrated for the five
targeted and modified historical earthquake motions, based on the procedure developed by Mason
et al. (2010). The calibration of the shake table is discussed in detail in Chapter 3, Section 3.11.
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Table 4-2. A suite of selected ground motions and description of dynamic centrifuge experiments.

Target seismic
Event
Northridge
Loma Prieta
Kobe
Chi-Chi
Landers

No.
1
2
3
4
5

Test
Test-ASFSM
Test-BSFSM
Test-ASFSM

Event ID
WPI
SCZ
TAK
TCU
JOS

1

2

WPI01
SCZ01, B
WPI01

SCZ01, A
SCZ02
SCZ01, A

Moment
Year
Magnitude
Station Name
1994
6.69
Newhall W Pico Canyon
1989
6.96
Santa Cruz
1995
6.90
Takatori
1999
7.62
TCU
1992
7.28
Joshua tree
Order of applied Motions
3
4
5
TAK01
SCZ03
TAK01

TCU01
SCZ04
TCU01

JOS01
JOS01

R

Test-BSFSM R SCZ01, B
SCZ02
SCZ03
SCZ04
Test-ASFM
WPI01
SCZ01, A
TAK01
TCU01
JOS01
Test-BSFM
SCZ01, B
SCZ02
SCZ03
SCZ04
Test-ASFM R
WPI01
SCZ01, A
TAK01
TCU01
JOS01
Test-AAFM
WPI01
SCZ01, A
TAK01
TCU01
JOS01
Test-BAFM
SCZ01, B
SCZ02
SCZ03
SCZ04
Subscripts SFSM, SFM, and AFM stand for the Steel Foundation Structure Model, the Steel
Foundation Model, and the Acrylic Foundation Model, respectively.
Subscript R stands for a repeatability test.
Test-BSFSM R was conducted on the specimen tested in Test-ASFSM R.
Subscripts 01, 02, 03, 04 approximately indicate the PGA of the motion as 0.1, 0.2, 0.3, 0.4 g,
respectively.
The motion SCZ01 A and SCZ01 B are the same motion. However, the first one was applied as
the second motion in Tests A, and the second one was applied as the first motion in Tests B.
Ground motion characteristics of the motion are shown in Figure 4-3.
Definitions of ground motion parameters are presented in Chapter 2, Section 2.12.
Figure 4-3 compares the ground motion parameters, defined in Chapter 2, Section 2.12, of the Base
Motions (BMs), measured at the bottom of the soil layer, in SFSM and SFM experiments and in
prototype scale. The figure shows that although the five earthquake motions, applied in Test-ASFSM
and Test-ASFM, were scaled to PGAs of about 0.1 g, they had significantly different ground motion
characteristics. Also, Figure 4-3(a) illustrates that the SCZ motions, applied in Test-BSFSM and
Test-BSFM, were scaled with four different PGAs of about 0.1, 0.2, 0.3, 0.4 g. According to Figure
4-3 (d), the seismic motions covered a wide range of frequency content; moreover, the mean
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periods of the SCZ motions were approximately the same. Thus, the frequency contents of the
SCZ motions were relatively similar; however, their intensities, as shown in Figure 4-3 (b), were
different. Generally, Figure 4-3 shows that the index parameters of BMs, measured in SFSM
experiments, were approximately close to the ones measured in SFM experiments. Thus, the shake
table could approximately apply repeatable motions to the bottom of the laminar container in the
different experiments. The average error percentage values for the PGA, the Arias intensity, the
Housner intensity, and the mean period between the two experiments are about 20%, 20%, 18%,
and 12%, respectively.

Figure 4-3. Comparison of achieved base motions (BMs) in SFSM and SFM centrifuge experiments in the
prototype scale: (a) Peak Ground Acceleration (PGA); (b) Arias Intensity; (c) Housner intensity; and (d) mean
period (Tm).

4.5. RESULT AND DISCUSSIONS
The results presented in this section are all in prototype scale.
4.5.1. Evolution of motions measured far from the physical model
Two extra dynamic centrifuge experiments were conducted to ensure that the motion measured at
the soil surface far from the physical models acceptably represent the free-field motion. Overall,
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the results indicated that the motion measured far from the structure could be treated as the freefield motion in this investigation. Also, minimal boundary effect would impact the soil response.
The first experiment was called Test-CFFM, and the layout of the test is shown in Figure 4-4. The
specimen was consecutively excited with the same suite of seismic motions calibrated for this
research. Figure 4-5 compares the ground motion parameters of the two motions measured by
Accelerometers A and B, marked in Figure 4-4, at the soil surface in Test-CFFM. The figure shows
a similar response between the motions measured at the soil surface. The same comparison was
made between the accelerometers placed 3.18 m (in the prototype) below the soil surface, and
analogies between the motions were observed. Therefore, the results demonstrated a vertical
propagation of seismic motions in the soil layer in the free field condition with minimal boundary
effects.
The second experiment was named Test-CSFSM, and the schematic of the experiment is depicted in
Figure 4-6. Analogies between the ground motion parameters measured at the soil surface with
Accelerometers D and E are demonstrated in Figure 4-7. Therefore, vibrations of the physical
model did not significantly alter the motions measured at two different distances from the model.
To further investigate the effect of vibrations of the physical model on the motion measured far
from the model, the response of Test-CFFM and Test-CSFSM were compared, when both specimens
were excited with the same seismic motions. Figure 4-8 compares the pseudo-acceleration
response spectrum, Sa, for motions recorded by Accelerometers A, D, C, and F, marked on Figure
4-4 and Figure 4-6, when TAK01 was applied to the specimens. Figure 4-8(b) illustrates agreement
between the Sa values estimated for motions measured 3.18 m (in the prototype) below the soil
surface with accelerometers C and F in Test-CFFM and Test-CSFSM, respectively. Therefore, the
figure depicts that the shake table applied almost the same seismic motions to both specimens.
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Figure 4-8(a) shows agreements between the Sa values calculated for motions recorded at the soil
surface with Accelerometers A and D in Test-CFFM and Test-CSFSM, respectively. Hence, the
motion measured with accelerometer D far from the physical model in Test-CSFSM is similar to the
motion measured with accelerometer A in the free field experiment. Therefore, the effect of
vibrations of the physical model is not significant on the motion measured far from the physical
model. As a result, in this research, the motions measured at the soil surface far from the physical
models acceptably represent the free field motions.

Figure 4-4. Schematic and instrumentation layout of Test-CFFM.
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Figure 4-5. Comparison of motions recorded with Accelerometers A and B at the soil surface in Test-CFFM: (a)
Peak Ground Acceleration; (b) Arias intensity; (c) Housner intensity; (d) Mean period.

Figure 4-6. Schematic and instrumentation layout of Test-CSFSM.
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Figure 4-7. Comparison of motions recorded with Accelerometers D and E at the soil surface in Test-CSFSM: (a)
Peak Ground Acceleration; (b) Arias intensity; (c) Housner intensity; (d) Mean period.

Figure 4-8. Comparison of the pseudo-acceleration response spectrum for motions measured by
Accelerometers A, D, C, and F in Test-CFFM and Test-CSFSM, when the specimen is excited with TAK01.

98

4.5.2. Free-field response
As mentioned in the previous section, the motion recorded using the accelerometer far from the
physical model was treated as the free-field motion without meaningful influence from the
vibration of physical models. In addition, the accelerometer was placed in a sufficient distance
from the container to avoid adverse boundary effects and ensure vertical wave propagation. To
confirm these conditions, control tests with accelerometers placed at a different distance from the
physical model and boundary, and within soil layers with and without the presence of a physical
model were performed and the appropriate locations were determined.
Figure 4-9 compares the ground motion parameters of achieved FFMs in SFSM and SFM
experiments and shows an acceptable agreement between motions measured in the two
experiments. This comparison is critical as the follow-on kinematic interaction analyses would
greatly rely on consistent FFM measurements between the experiments. Also, by comparing
Figure 4-3 and Figure 4-9, it can be seen that PGAs and Arias intensities in FFMs were amplified
compared to BMs. The figure also shows the repeatability of the measured free field motions
during a suite of seismic events.
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Figure 4-9. Comparison of measured Free-Field Motions (FFMs) in SFSM and SFM centrifuge experiments:
(a) Peak Ground Acceleration (PGA); (b) Arias intensity; (c) Housner intensity; (d) mean period (Tm).

Figure 4-10 compares motion amplification factors in SFSM and SFM centrifuge experiments
when motion propagates from the base of the soil layer toward the soil surface. The PGA and Arias
intensity amplification factors are defined as the ratio of the PGA and the maximum Arias intensity
of FFM to those of BM. According to the figure, the PGA and Arias intensity amplification factors
are larger than one for all motions in SFSM and SFM experiments; therefore, as the motions
propagated from the base of the soil specimens toward the soil surface, their amplitudes were
amplified. Fair agreements can be seen between the amplification factors of the SFSM experiments
and those for the SFM experiments. The percentage difference for the PGA amplification factor
and the Arias intensity amplification factor between the two experiments are 14%, and 11%,
respectively. This figure also demonstrates the repeatability of the site response of the soil
specimens during a suite of seismic events.
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Figure 4-10. Comparison of motion amplification factors between BMs and FFMs in SFSM and SFM centrifuge
experiments: (a) PGA amplification factor; (b) Arias intensity amplification factor.

As mentioned, the first small-strain natural period of the soil was approximately predicted at 0.17
seconds. Since the soil shear modulus decreases in higher shear strain, a larger strain-dependent,
natural period, 𝑇̃𝑠 , is expected. Figure 4-12(a) shows the transfer function between FFM and BM,
when the soil layer was excited by TAK01 motion in SFSM experiment. According to the figure,
the strain-dependent, first natural frequency of the soil, 𝑓̃𝑠 , was about 2.9 Hz (𝑇̃𝑠 = 0.34 𝑠). With
the same procedure, 𝑓̃𝑠 values for all the experiments were estimated. Figure 4-13(a) depicts the 𝑓̃𝑠
values when the soil layer was excited with a suite of seismic motions in SFSM experiments. The
figure shows that as a general trend, 𝑓̃𝑠 approximately decreased as PGA of BM increased. It is
worth mentioning that the 𝑓̃𝑠 values shown for the SFSM experiments are compatible with 𝑓̃𝑠 values
estimated from the SFM experiment and the AFM experiments. Furthermore, similar 𝑓̃𝑠 values
were estimated from both SFSM and SFM repeatability experiments.
For further clarification, Figure 4-11 compares the 𝑓̃𝐿 , 𝑓̃𝑅 , and 𝑓̃𝑠 values measured in the differnet
experiments, when the specimens were excited with a suite of seismic motions. Figure 4-11 (a)
and (b) demonstrate analogies between the lateral and rocking flexible-base natural frequencies of
SFSM measured in the SFSM experiments and the SFSM repeatability experiments. The 𝑓̃𝑠 values
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estimated from the SFSM experiments were compared with the values measured in the SFSM
repeatability experiments, the SFM experiments, the SFM repeatability experiment, and the AFM
repeatability experiment, in Figure 4-11 (c), (d), and (e), respectively. Generally, acceptable
agreements were observed for the 𝑓̃𝑠 values estimated from the SFSM experiments with values
calculated from the other experiments. Moreover, the similarities between the 𝑓̃𝑠 values estimated
in the SFM experiment and the SFM repeatability experiment are demonstrated in Figure 4-11 (f).
The average percentage difference in all parts of the figure are less than 5%.

Figure 4-11. Comparison between the 𝒇̃𝑳 , 𝒇̃𝑹 , and 𝒇̃𝒔 values measured in the different experiments, when the
specimens were excited with a suite of seismic motions.
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By comparing Figure 4-9(d) and Figure 4-3(d), it can be noticed that when the mean periods in
BMs were less than the strain-dependent natural period of the soil, the mean periods in FFMs
increased; however, when the mean periods in BMs were larger than the strain-dependent natural
period of the soil, the mean periods in FFMs decreased.

Figure 4-12. Transfer functions of SFSM experiment, when excited by TAK01: (a) FFM to BM transfer
function; (b) structure translational transfer function; (c) foundation rocking transfer function.
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Figure 4-13. Variation of 𝒇̃𝒔 , 𝒇̃𝑳 , and 𝒇̃𝑹 as a function of PGA of the base motion in SFSM experiments: (a)
strain-dependent natural frequency (𝒇̃𝒔 ); (b) lateral flexible-base natural frequency of the structure (𝒇̃𝑳 ); (c)
rocking flexible-base natural (𝒇̃𝑹 ).

4.5.3. Structural flexible-base natural frequencies
The lateral flexible-base natural frequency, 𝑓̃𝐿 , of SFSM during different seismic events was
determined by estimating a transfer function between the lateral motion recorded at the oscillator
mass, called Structure Horizontal Motion (SHM), and the lateral component of FM, denoted as
FML. Furthermore, the rocking flexible-base natural frequency, 𝑓̃𝑅 , of the physical model was also
estimated using a transfer function between the rocking component of FM, denoted as FMR, and
FML. FMR is the product of the foundation half-width and a rocking acceleration time history.
Rocking motion was computed as the difference between the two vertical acceleration time
histories recorded on opposite sides of the physical model and divided by the distance between the
accelerometers. Figure 4-12(b) and (c) show the SHM/FML and FMR/FML transfer functions when
SFSM was excited by the TAK01 motion. According to the figure, 𝑓̃𝐿 and 𝑓̃𝑅 were both estimated
about at 2.3 Hz. The period lengthening ratio, 𝑇̃⁄𝑇, defined as the ratio of the lateral flexible-base
natural period of a structure,𝑇̃, to its lateral fixed-base natural period, T, was computed as 1.5
seconds for this specific test. 𝑓̃𝐿 and 𝑓̃𝑅 of SFSM during other seismic events were also estimated
using the same procedure. Figure 4-13(b) and (c) demonstrate the variation of the flexible-base
natural frequencies with PGA of BMs. As expected, the flexible-base natural frequencies
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approximately decreased, as the intensity of BMs increased. The flexible-base natural frequencies,
shown in Figure 4-13(b) and (c), were similar to those estimated from the SFSM repeatability
experiments.
4.5.4. Kinematic interaction transfer functions and models
The procedure proposed by Kim and Stewart (2003) was implemented with some modifications to
estimate kinematic transfer functions and minimize noise effects from the experimental data. The
procedure is summarized below:
1. Lateral and rocking transfer functions were estimated using Equation (2-8). For both transfer
functions, Sxx denotes the smoothed power spectral density function of FFM. For a lateral
transfer function, Sxy denotes the smoothed cross-power spectral density function of FFM and
FML. For a rocking transfer function, Sxy denotes the smoothed cross-power spectral density
function of FFM and FMR.
2. Coherence functions were computed for the transfer functions, estimated in Step 1, using
Equation (2-9). In this equation, Syy denotes the smoothed power spectral density function of
FML and FMR, for lateral and rocking transfer functions, respectively.
3. “High coherence” data points in frequencies with coherency values more than 0.8 were
identified.
4. Kim and Stewart (2003) recommended removing transfer function points around a flexiblebase natural frequency of a structure in order to decrease the inertial interaction effect on the
experimental kinematic transfer functions. Thus, data points around the flexible-base natural
frequencies of SFSM with a range of 0.5 Hz were extracted from high coherence data points.
It is worth mentioning that this step is not applicable for SFM and AFM experiments.
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5. Non-linear regression analyses were conducted to fit the analytical transfer functions, shown
in Figure 2-9, with the calculated experimental transfer functions.
6. The lateral and rocking transfer function matching would be used to estimate incoherence
parameters, κL, and κR.
Figure 4-14 compares the lateral and rocking transfer functions in the three physical models, while
they were subjected to the SCZ01, A motion. In this figure, experimental transfer functions are
shown with variations of dash-lines, while analytical transfer functions are shown with solid lines.
In addition, high coherence data points are depicted with markers. According to Figure 4-13, the
lateral and rocking flexible-base natural frequencies of SFSM were both about 2.2 Hz, when the
physical model was subjected to the SCZ01, A motion. As shown in Figure 4-14, the general trends
in the lateral and rocking transfer functions of SFSM around the flexible-base natural frequencies
were significantly different from those of the two other physical models. This difference is mainly
due to the inertial interaction effect. Figure 4-14 also demonstrates that while amplitudes of the
lateral transfer functions in SFSM at the high-frequency range were generally smaller than those
of the two other physical models, amplitudes of the rocking transfer function were larger. This
behavior can also be demonstrated by comparing the incoherence parameters of the three physical
models. For example, the lateral incoherence parameter of SFSM under this motion (𝜅𝐿,𝑆𝐹𝑆𝑀 =
5.02) was considerably larger than the incoherence parameter of the two other physical models
under the same motion (𝜅𝐿,𝑆𝐹𝑀 = 1.17; 𝜅𝐿,𝐴𝐹𝑀 = 1.28 ). Moreover, as shown in Figure 4-14(b),
the rocking incoherence parameter of SFSM (𝜅𝑅,𝑆𝐹𝑆𝑀 = 6.88) is also considerably larger than the
incoherence parameter of the two other physical models (𝜅𝑅,𝑆𝐹𝑀 = 0.81; 𝜅𝑅,𝐴𝐹𝑀 = 0.53 ). It
should be noted that the incoherence parameter has different effects on the amplitudes of the lateral
and rocking transfer functions. For a given incoherence parameter, as the frequency value
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increases, the amplitude of the lateral transfer function decreases starting from 1 at 0 Hz frequency.
However, the amplitude of the rocking transfer function starts from zero, increases to a peak value,
and then decreases, as shown in Figure 4-1. Moreover, as the incoherence parameter increases, the
amplitude of the lateral transfer function decreases for all frequencies, however, the frequency
corresponding to the peak value in the rocking transfer function decreases. Therefore, it is possible
that the amplitude of the rocking transfer function with a larger incoherence parameter be smaller
in some frequencies than the amplitude of the rocking transfer function with a smaller incoherence
parameter.
Furthermore, Figure 4-14 illustrates that even by removing data points around the flexile-base
natural frequencies, the incoherence parameters for SFSM are significantly different from those of
the two other physical models. By comparing transfer functions of SFM and AFM, it can be seen
that although the mass of the foundation in AFM, shown in Table 4-1, was significantly smaller
than those of SFM (529% decrease), amplitudes of the lateral and rocking transfer functions were
relatively close. This observation shows that the mass of the foundation had small effects on
kinematic transfer functions. The figure also demonstrates that while the amplitudes of the lateral
transfer function in SFM are smaller or larger than those of AFM depending on the frequency
ranges, the amplitudes of the rocking transfer function in SFM are slightly larger than those of
AFM in most frequencies. This behavior is intuitively expected since the effect of foundation mass
on the lateral transfer function is less than the effects on the rocking transfer function.
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Figure 4-14. Comparison of experimental and analytical foundation transfer functions of the three physical
models, when excited by the SCZ01,A motion: (a) transfer function of the lateral component of FM to FFM; (b)
transfer function of the rocking component of FM to FFM. (Theoretical matches are shown with bold lines.)

Trends, shown in Figure 4-14, were also observed when the physical models were excited with
other motions. As another example, the lateral and rocking transfer functions of the three physical
models, when subjected to the JOS01 motion, are compared in Figure 4-15. By comparing Figure
4-14 and Figure 4-15 it can be seen that while the lateral incoherence parameter for SFM is smaller
than those for AFM in Figure 4-14, it is larger in Figure 4-15. This comparison further shows that
the effect of the foundation mass is small on the lateral transfer function. It is worth noting that the
transfer functions, shown in Figure 4-14 and Figure 4-15, were repeated well in their conjugate
repeatability check experiments.
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Figure 4-15. Comparison of experimental and analytical foundation transfer functions of the three physical
models, when excited by the JOS01 motion: (a) transfer function of the lateral component of FM to FFM; (b)
transfer function of the rocking component of FM to FFM. (Theoretical matches are shown with bold lines.)

Figure 4-16 compares the lateral and rocking incoherence parameters of SFSM experiments with
those of SFM and AFM in all the tests. According to Figure 4-16(a) and (c), κL values in SFSM
for all motions are larger than those in SFM and AFM. Thus, amplitudes of the lateral transfer
functions of SFSM during all experiments were generally smaller than those of SFM and AFM. A
practical conclusion of this observation is that using a semi-empirical model for the incoherence
parameter, developed based on measurement of foundation motions, may lead to over-reduction
of the lateral component of the foundation input motion. Furthermore, Figure 4-16(b) and (d)
demonstrate that κR values in SFSM for all motions were larger than those in SFM and AFM.
Therefore, amplitudes of the rocking transfer functions of SFSM are generally larger in most
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frequencies than those of SFM and AFM, and a practical conclusion is that a semi-empirical model
may lead to over introduction of the rocking component of the foundation input motion.

Figure 4-16. Comparison of the lateral and rocking incoherence parameters in SFSM experiments with those
in SFM and AFM experiments.

Figure 4-17 compares κL and κR values for SFM with those from AFM experiments. According to
Figure 4-17(a), while for low-intensity BMs, applied in Test-ASFM and Test-AAFM, κL values show
relatively good agreements between the two experiments; however, when the physical models
were excited with high-intensity BMs in Test-BSFM and Test-BAFM, κL decreases more in SFM
experiments compared to AFM experiments. The bearing pressure of AFM is smaller than those
of SFM; therefore, friction force, resisting against slippage of the physical model relative to the
soil, is weaker than those of SFM. Consequently, slippage of the physical models could be
different, specifically for high-intensity motions. It can be concluded that the effect of the
foundation mass on the lateral transfer function is minimal, for low-intensity seismic motions.
Figure 4-17(b) illustrates that while κR values were close in the two sets of the experiments, κR
values in SFM experiments were slightly larger than those of AFM experiments. As discussed, it
shows that amplitudes of the rocking transfer functions of SFM were generally slightly larger than

110

those of AFM experiments. This observation is intuitively expected because the foundation mass
may increase rocking.

Figure 4-17. Comparison of the lateral and rocking incoherence parameter in SFM experiments with those in
AFM experiments.

4.5.5. Incoherence parameter: correlations with ground motion parameters and soil shear
wave velocity
The relations between the estimated incoherence parameters and a variety of ground motion
parameters from FFMs were evaluated. Specifically, significant correlations were observed
between the incoherence parameter and ground motion parameters such as PGA, Peak Ground
Velocity (PGV), Arias intensity, and the shaking intensity rate (SIR).
Figure 4-18 shows the correlations between κL and κR with the ground motion parameters from
FFMs when the three physical models were consequentially excited with four scaled SCZ motions
in increasing-intensity order. According to Figure 4-18, as the intensity of the motions increased,
κL and κR values for the three physical models generally decreased. Therefore, as the intensity of
an expected FFM increases, a less aggressive reduction can be applied to the lateral component of
FIM, while the introduction of rocking component of FIM should be less noticeable compared to
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the applied FFM. These correlations can be used to normalize motions, used in a semi-empirical
model for the incoherence parameter, to a target value. It should be noted that according to Figure
4-18, κR value in SFM, when excited by SCZ01,B, which had the lowest intensity in the figure, was
slightly smaller than an expected value based on the trend from the other three κR values for SFM
experiment. Since this motion was applied as the first motion, it is possible that the foundation did
not have firm contact with the soil, when the motion was applied to the system.

Figure 4-18. Variations of the lateral and rocking incoherence parameter with FFM ground motion parameters
when the specimen was excited by four different intensities of SCZ motion.

Figure 4-19 illustrates correlations between the lateral and rocking incoherence parameter from
FFM when the three physical models were subjected to all the calibrated motions. As expected,
more scatter was observed in the correlations shown in Figure 4-19, compared to the ones in Figure
4-18. While the motion frequency contents in Figure 4-18 were approximately similar, the
frequency contents in Figure 4-19 were significantly different; signifying the effects of other
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motion characteristics such as frequency content. However, in both figures, as the intensity of the
motions increased, κL and κR values decreased. Furthermore, the correlation between κL and κR
values and PGV is stronger than the other parameters in Figure 4-19.

Figure 4-19. Variations of the lateral and rocking incoherence parameters with FFM ground motion
parameters when the specimen was excited with all calibrated motions.

Figure 4-20 shows the variation of κL and κR values of the three physical models with the 𝑉̅𝑠,𝑟 .
According to the figure, the incoherece parameters generally increased as the 𝑉̅𝑠,𝑟 increased. Kim
and Stewart (2003) also observed that as small-strain shear wave velocity of the soil increases, the
apparent lateral incoherence parameter also increases.
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Figure 4-20. Variations of the lateral and rocking incoherence parameters with the average, overburdencorrected, strain-reduced, near-surface, shear wave velocity of the soil below the physical models: (a) lateral
incoherence parameter; (b) rocking incoherence parameter.

4.6. SUMMARY AND CONCLUSION
One of the major tasks to analyze a structure, subjected to spatially varying ground motion, is to
estimate transfer functions between the free-field motion (FFM) at a reference point and the
foundation input motion (FIM), which would have occurred at the foundation if the structure and
foundation had been massless. Due to the inertial interaction and the foundation mass, the FIM
can be different from motions measured at a foundation of a real structure, called foundation
motion (FM). In this study, sets of seismic centrifuge experiments were conducted to compare FM
with motions closer to FIM. A single degree of freedom mass-foundation system, representing a
target prototype concrete structure with a mat foundation in 50 g-centripetal acceleration and called
Steel Foundation-Structure Model (SFSM), was tested on a layer of dry soil. The tests were
repeated by only using the SFSM’s foundation part, called Steel Foundation Model (SFM) to
decrease the inertial interaction on the kinematic interaction. Also, to evaluate the effect of the
foundation mass on the kinematic interaction, the foundation part was rebuilt and tested from an
acrylic glass; called Acrylic Foundation Model (AFM).
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By comparing lateral and rocking transfer functions of SFSM experiments, with those of SFM and
AFM experiments, it can be concluded that around flexible-base natural frequencies of SFSM,
transfer functions are significantly affected by the inertial interaction. Furthermore, while
amplitudes of the lateral transfer functions in SFSM experiments are generally smaller than those
in the other experiments, amplitudes of the rocking transfer functions are generally larger. Thus,
using a semi-empirical model, which is calibrated based on measurement from FM, may lead to
over-reduction of the lateral component of FIM and or over-introduction of the rocking component
of FIM. Although the mass of AFM was significantly smaller than the mass of SFM, amplitudes
of the lateral and rocking transfer functions were approximately similar, specifically for lower
intensity motions. Hence, the effect of the foundation mass on kinematic transfer functions was
not significant. Results also showed that as the intensity of seismic motions, applied to the bottom
of the soil layer, was increased, the lateral and rocking incoherence parameters decreased. Thus,
as the intensity of an expected FFM rises, a less aggressive reduction can be applied to the lateral
component of FIM, whereas less rocking component should be introduced. Good correlations were
observed between the lateral and rocking incoherence parameters and the peak ground velocity of
FFM and also between the incoherence parameters and the strain-reduced shear wave velocity of
the soil layer.
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CHAPTER 5

5. EFFECTS OF GROUNDWATER TABLE FLUCTUATION ON
SEISMIC RESPONSE OF SOIL-FOUNDATION SYSTEMS. I:
SITE RESPONSE ANALYSIS

5.1. ABSTRACT
A set of dynamic centrifuge experiments were conducted to assess the effect of the depth of the
groundwater table on the seismic site response of sandy soil and silty sand layers. The soils were
prepared in a laminar container and were saturated with water. The capillary rise method was used
to lower the depth of the groundwater in the soil specimens to a target depth during the
centrifugation; then, specimens were excited with a suite of seismic motions. A series of tests were
also performed on dry soil layers. Results show that as the depth of the groundwater table in the
soil was lowered (1) the seismic settlement in free field and under the foundation, and maximum
lateral deformation of the soil decreased; (2) the mean period of the free field motion decreased
while the layer strain-dependent natural frequency increased; (3) amplification factors of peak

116

ground acceleration and Arias intensity increased; (4) the short-period amplification factors
increased while mid-period amplification factors did not follow a clear trend.1
5.2. INTRODUCTION
Soils above the groundwater table are generally unsaturated. Since the groundwater table usually
fluctuates seasonally, the degree of saturation in soil layers may alter throughout a year; moreover,
soils currently below the groundwater table may become unsaturated during a year. Therefore, a
considerable portion of surface structures is placed on unsaturated soils. Chapters 5 and 6 of this
dissertation present the experimental evaluation of the response of soil-foundation systems
involving foundations placed on unsaturated soils. While the primary focus of this chapter is on
the seismic site response analyses, the next chapter discusses kinematic interaction.
Mechanical properties of unsaturated soils are different from those of fully saturated or dry soils
(Fredlund & Rahardjo, 1993; Lu & Likos, 2006; Ghayoomi & McCartney, 2011; Hoyos et al.,
2013; Hoyos et al., 2015). For instance, unsaturated soils have higher shear stiffness, but lower
damping in comparison with dry and fully saturated soils (Hoyos et al., 2013). Previous researches
have revealed that the degree of saturation in soils has noticeable effects on seismic soil
settlements, seismic site response, and behavior of pile-supported structures (Ghayoomi et al.,
2011; Mirshekari & Ghayoomi, 2017; Ghayoomi & Ghadirianniari et al., 2018). Therefore, the
degree of saturation may influence the response of surface structures constructed on unsaturated
soils.
Site response is a significant step in soil-structure interaction analyses. The primary goal of this
chapter is to experimentally assess the effect of the depth of the groundwater table on the site

A journal paper and a conference paper are currently under preparation based on the results presented in
this and next chapters.
1
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response of soil layers by conducting a set of dynamic centrifuge experiments. Two types of soils,
i.e., sand and silty sand, were tested in the experiments. In addition to the dry and saturated
conditions, the soils were tested when the groundwater table was lowered to different target depths.
Moreover, to investigate the effect of the kinematic viscosity of pore fluid on seismic site response,
two experiments were performed by using a fluid with a kinematic viscosity higher than water. In
total, 14 dynamic centrifuge experiments were conducted, and results were discussed in terms of
soil settlements as well as lateral displacements and amplification of seismic motions due to the
propagation of the motions from the base to the surface of the soil layers when the specimen were
excited with a suite of seismic motions.
5.3. EXPERIMENTAL PROCEDURES
5.3.1. Geotechnical centrifuge
Chapter 3, Section 3.2, described the properties of the centrifuge facility used in this study.
5.3.2. Design of the physical model
In Chapter 4, kinematic transfer functions of a physical model with a superstructure, called Steel
Foundation Structure Model (SFSM) were compared with those of two stand-alone foundations.
The first foundation physical model, named Steel Foundation Model (SFM), was made by
detaching the superstructure part of SFSM, and the other foundation physical model, called Acrylic
Foundation Model (AFM), was constructed by rebuilding the foundation part of SFSM using a
sheet of acrylic glass. Properties of the physical models can be found in Chapter 4, Section 4.4.1.
Based on the results from Chapter 4, the inertial interaction substantially affected the kinematic
transfer functions in SFSM around flexible-base natural frequencies of the structure. Furthermore,
the amplitude of the lateral kinematic transfer function of SFSM in frequencies larger than the
flexible-base natural frequencies of the model is generally smaller than that of SFM and AFM,
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while the amplitude of the rocking transfer function of SFSM in those frequencies is roughly larger
than those for SFM and AFM. It was concluded that motions measured at the foundations of SFM
and AFM better represent the Foundation Input Motion, compared to those for SFSM.
Furthermore, analogies between lateral and rocking transfer functions of SFM and AFM were
observed. Therefore, only SFM was used for the experiments conducted for this part of the
investigation, including this chapter and the next chapter to study the kinematic interaction of
foundations on unsaturated soils. A photograph of the model is displayed in Figure 5-1(a).

Figure 5-1. (a) a photograph of the Steel Foundation Model (SFM); (b) schematic and instrumentation layout
of a typical centrifuge experiment in this research.
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5.3.3. Soil specimen preparation and material properties
F-75 silica sand was used as the sandy soil in this research. The dry pluviation technique was
selected to prepare repeatable medium dense sandy soil layers. The achieved relative density and
the dry density of the sand were measured as 62% and 1650 kg/m3, respectively. To further
investigate the effect of matric suction on the site response, the silty sand was prepared by mixing
the silica sand with silt at 5 percent by weight. The dry pluviation technique was not applicable for
the silty-sand; therefore, dry compaction method was used to prepare the silty-sand layer at a dry
density close to the one in the sandy soil layer. The achieved dry density of the silty sand was
estimated as 1669 kg/m3. Chapter 3, Section 3.4, provides properties of the two soils, while Chapter
3, Section 3.5, describes the specimen preparation in more detail.
The average near-surface, small-strain shear wave velocity of the soil in the free field, 𝑉̅𝑠,𝐹𝐹 and
the average, overburden-corrected, small-strain, near-surface shear wave velocities of the soil
beneath different physical models, 𝑉̅𝑠,𝑂𝐶 were determined according to the method, discussed in
Chapter 4, Section 4.4.2, for experiments presented in this chapter. However, the depth of the pore
fluid was considered in estimating the effective stress required for modulus calculation. These
values are tabulated in Table 5-1. Furthermore, the small-strain natural frequency of the soil, 𝑓𝑠 ,
was determined based on the procedure, discussed in Chapter 4, Section 4.4.2. While the 𝑓𝑠 value
for the sandy soil layer in the dry and saturated conditions were estimated as 6.1 Hz, and 4.9 Hz,
respectively, the 𝑓𝑠 value for the silty-sand in the dry and saturated conditions were computed as
6.0 Hz, and 4.9 Hz, respectively. The two soil layers ended up in similar 𝑓𝑠 values in both dry and
saturated conditions.
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Table 5-1. A suite of selected ground motions and description of dynamic centrifuge experiments.

No.

Target seismic
Event

1
2
3
4
5

Northridge
Loma Prieta
Kobe
Chi-Chi
Landers
1
WPI

Event
ID

Year

Moment
Magnitude

WPI
1994
6.69
SCZ
1989
6.96
TAK
1995
6.90
TCU
1999
7.62
JOS
1992
7.28
Order of applied Motions
2
3
SCZ
TAK
Soil Type
Sand

Station Name
Newhall W Pico
Canyon
Santa Cruz
Takatori
TCU
Joshua tree
4
TCU

5
JOS

Silty Sand

Test ID

Fluid*

Dw,0
(m)

̅ 𝒔,𝑭𝑭
𝑽
(m/s)

̅ 𝒔,𝑶𝑪
𝑽
(m/s)

Test ID

Fluid
*

Dw,0
(m)

̅ 𝒔,𝑭𝑭
𝑽
(m/s)

̅ 𝒔,𝑶𝑪
𝑽
(m/s)

SND_DRY
SND_DRY_RP_
A
SND_DRY_RP_
B
SND_WL.0
SND_WL.0_RP
SND_WL.1
SND_WL.2
SND_WL.3
SND_WL.4
SND_ML.0
SND_ML.1

D**
D

N/A
N/A

128
128

204
204

SLT_DRY
SLT_WL.0

D
W

N/A
-0.1

128
103

203
180

D

N/A

128

204

SLT_WL.1

W

7.1

128

203

W**
-0.1
103
180
W
-0.3
103
180
W
1.0
122
194
W
1.7
128
204
W
3.5
128
204
W
4.7
128
204
**
M
-0.0
103
180
M
4.7
128
204
Dw, 0: The depth of the pore fluid (in the prototype scale) before the specimen was excited with
the suite of seismic motions. A positive number means that the groundwater table is below the
soil surface, while a negative number shows that the groundwater table is above the soil
surface.
Fluid*: This column specifies if the soil is dry or pore fluid such as water and metolose was
used in the test.
Repeatability tests are labeled with the term “RP” in their test IDs.
The dry soil density of the sand and the silty sand is 1650 kg/m3 and 1669 kg/m3, respectively.
The kinematic viscosity of the metolose mixture in test SND_ML.0 was measured as 17.1 cSt.
D**, W**, and M** stand for dry, water, and metolose.
Ground motion characteristics of the motion are shown in Figure 5-2.
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5.3.4. Description of dynamic centrifuge experiments
Fourteen dynamic centrifuge experiments were performed to study soil-foundation interaction.
The sandy soil was tested in the dry and saturated conditions in tests SND_DRY and SND_WL.0,
respectively. Both experiments were repeated in tests SND_DRY_RP_A, SND_DRY_RP_B, and
SND_WL.0_RP to assess the repeatability of measured data. The sandy soil was also saturated
with metolose and was tested in experiment SND_ML.0. Furthermore, the groundwater table and
the metolose level were lowered in the saturated sand specimens to target elevations in tests
SND_WL.1, SND_WL.2, SND_WL.3, SND_WL.4, and SND_ML.1. Table 5-1 tabulates the
depths of the pore fluid in each experiment before the specimen was excited with the suite of the
seismic motions. The silty sand was also tested in the dry and saturated conditions in tests
SLT_DRY and SLT_WL.0. Furthermore, the groundwater table in the saturated silty sand was
also lowered to a predetermined elevation in test SLT_WL.1.
5.3.5. Substitutive pore fluid
As discussed in Chapter 2, Section 2.8.3, Dewoolkar et al. (1999) showed that a fluid made by
dissolving powered methylcellulose in water is an acceptable substitute pore fluid for seismic
centrifuge experiments on saturated sands through a set of triaxial compression tests, permeability
tests, and seismic centrifuge experiments. Chapter 3, Section 03.6, describes the preparation and
properties of metolose.
In this research, metolose was used in two experiments. Before saturating the sandy soil in test
SND_ML.0, the viscosity of the metolose in the large tank was measured as 10.5 cSt. A saturation
process similar to the ones in the tests with water as pore fluid was followed. After about a week,
a film of metolose was observed at the soil surface. After the centrifuge test, a sample from the
fluid in the laminar container was taken, and the fluid viscosity was measured as 17.1 cSt. It is
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believed that evaporation of water during the specimen preparation and centrifugation caused a
substantial increase in the viscosity of the fluid from 10.5 cSt to 17.1 cSt. The sandy soil in test
SND_ML.1 was saturated with metolose with the same procedure. Chapter 3, Section 3.6, explains
the saturation of the specimens with more details.
5.3.6. Test layout
Figure 5-1 (b) depicts a typical test layout for the experiments conducted in this chapter. As the
soil specimens were being prepared in the laminar container, arrays of sensors such as
accelerometers, pore pressure sensors, dielectric sensors, and LVDTs were placed inside the soil
layer and were installed on the laminar container. The physical model was also instrumented with
sets of accelerometers and LVDTs. Chapter 3, Section 3.8, specifies properties and calibrations of
the sensors used in this research.
5.3.7. Seismic motions
The soil specimens in this research were excited with seismic motions calibrated based on five
historical earthquake motions. Chapter 3, Section 3.11, describes properties of these motions in
detail. The Peak Ground Acceleration of the motions were roughly capped at about 0.1 g, in the
prototype scale, to prevent liquefaction of the soil layers during the seismic events. It is worth
mentioning that the liquefaction did not occur during the experiments in these experiments. Table
5-1 describes the seismic motions and the order in which the motions were consecutively applied
to the specimens.
5.3.8. Control of water level
The capillary rise method was used to control the elevation of the groundwater level or the
metolose level in the soil layers during the centrifugation. The fluid depth, measured before
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applying the suite of the seismic motion to each specimen, is reported in Table 5-1 for each test.
The capillary rise method was explained in detail in Chapter 3, Section 3.9.1.
5.4. RESULTS AND DISCUSSIONS
As shown in Chapter 4, acceleration time histories measured at the soil surface far from the
physical model acceptably represent the free field motions. Furthermore, the results presented in
this section are all in the prototype scale.
Because five motions were consecutively applied to each specimen and led cumulative, permanent
soil settlement, an increase in the soil density was expected before each shake. In order to
reasonably compare experiments done on the different specimens with each other, it is crucial to
control that the density of the soil layers did not substantially change. Thus, the cumulative,
permanent soil settlement in the free field was calculated for each test, and the dry density of the
soil was estimated by assuming a uniform settlement distribution in depth. The analysis confirmed
that the dry densities were not significantly increased. For instance, the accumulative permanent
seismic settlement of the saturated sandy soil in test SND_WL.0, after the specimen was excited
by all motions, was computed at about 70 mm. Consequently, the relative density was determined
to increase from about 62% to about 67%.
5.4.1. Repeatability of input motions
In order to consistently compare different experiments conducted, the specimens should be excited
with acceptably similar seismic excitations. Figure 5-2 illustrates analogies between the ground
motion parameters from the base motions in the tests SLT_DRY and SLT_WL.0 when the dry and
saturated silty sands were excited with the suite of the seismic motions. While the mass of the dry
silty-sand was measured as 20.7 kg, the mass of the saturated silty-sand was recorded as 25.0 kg.
Although the mass of the two specimens was noticeably different from each other, the in-flight
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shake table could apply almost identical motions to the specimens. The average percentage error,
𝛿 ̅, is calculated as an average of the percentage error between the ground motion parameters in
Test SLT_DRY and corresponding values in Test SLT_WL.0 in order to quantify the comparison.
The 𝛿 ̅ values for the PGA, the Arias intensity, the Housner intensity, and the mean period are about
8%, 10%, 5%, and 7%, respectively. An approximately similar trend was observed when the base
motions recorded in different experiments were compared together.
Chapter 44, Section 4.5.2 discussed the repeatability of measured input motions, when the dry
sandy soils were excited with a suite of seismic motions.

Figure 5-2. Comparison of achieved base motions (BMs) in the dry and saturated silty sand in experiments
SLT_DRY and SLT_WL.0: (a) Peak Ground Acceleration; (b) Arias intensity; (c) Housner intensity; (d) mean
period.

5.4.2. Effect of the depth of the groundwater table on the site response of the sandy soil
5.4.2.1.

Seismic soil settlement

Figure 5-3 shows variations of the permanent total soil settlements recorded in free field during
each seismic motion, ∆𝐹𝐹 , versus the normalized depth of the groundwater table or the relative
proximity of groundwater level to foundation base, 𝐷𝑊 ⁄𝑏 , where 𝐷𝑊 is the depth of the
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groundwater table and 𝑏 is the half of the foundation width when the specimens were excited with
the suite of seismic motions. The figure also marks ∆𝐹𝐹 values of free field settlement of dry sandy
soil layers by dashed horizontal lines. The repeatability of the seismic experiments on the dry and
saturated sands was evaluated by performing three dry experiments and two fully saturated
experiments. An average of ∆𝐹𝐹 values recorded during these repeated tests are presented in Figure
5-3. The figure also depicts linear fits between ∆𝐹𝐹 values for soils having different groundwater
tables. It is worth mentioning that after the soil specimens were excited with each seismic motion,
the soil settled, and the void space of the soil decreased. Since the volume of the water in the
specimen before and after each seismic motion was approximately constant, the depth of the
groundwater table was decreased. Variations of the groundwater table due to the soil settlements
were considered in the depth of the groundwater table associated with each seismic motion, shown
in the figure.
In general, Figure 5-3 shows that as the depth of the groundwater table increased, ∆𝐹𝐹 value
decreased. Furthermore, in some cases, when the depth of the groundwater table was larger than a
certain depth, the settlement even became smaller than the settlement in the dry sand layer. The
lower seismic settlement in unsaturated soil layers is in agreement with previous research on
seismic compression (Ghayoomi et al., 2011). The percent decreases in the ∆𝐹𝐹 values, when the
groundwater table is lowered from the soil surface to the normalized depth of about 2.7, for
motions such as WPI, SCZ, TAK, TCU, and JOS are 73%, 76%, 71%, 61%, and 52%, respectively.
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Figure 5-3.Variation of permanent soil settlements recorded at the free field as a function of the normalized
depth of the groundwater table, when the sandy soils in different experiments were excited with the suite of
seismic motions.

To further demonstrate the effect of the groundwater table, seismic soil settlements were
normalized by dividing ∆𝐹𝐹 values recorded in each test to ∆𝐹𝐹 values in the dry test, for each
seismic excitation, i.e.

∆𝐹𝐹
∆𝐹𝐹,𝐷𝑟𝑦

, shown in Figure 5-4. As expected, the saturated sandy soils in all

tests settled more than the dry soil layers given lower effective stress and shear stiffness. Figure
5-4 also demonstrates that as the depth of the groundwater table was increased, the

∆𝐹𝐹
∆𝐹𝐹,𝐷𝑟𝑦

decreased, and eventually became less than one, representing the dry condition. As discussed in
Chapter 2, Sections 2.9 and 2.10, soils above the groundwater table are partially saturated where
127

matric suction would increase the effective stress and would stiffen the soil. The reason the most
of the unsaturated soil layers still resulted in higher settlement than that dry layers is that
unsaturated models are not fully unsaturated, and they are a combination of fully saturated and
unsaturated soils with the groundwater table at the boundary of the two layers. It should be noted
that the difference in the settlement of soil layers with various water levels due to the first motion
was different, thus causing an inconsistency in the normalized data. The slope of the linear fit in
this figure is about -0.42.

Figure 5-4. The effect of the normalized depth of the groundwater table on the normalized seismic soil
settlements, recorded in the free field, when the silty sand specimens were subjected to the suite of the seismic
motions.

The variations of the permanent total soil settlements occurred beneath the foundation due to each
seismic motion, ∆𝑆𝐹 , with the normalized depth of the groundwater table is demonstrated in Figure
5-5. According to the figure, as the 𝐷𝑊 ⁄𝑏 was increased, the ∆𝑆𝐹 values decreased as well. This is
similar to what was observed in the free field condition. Although the trends are consistent between
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the results of free field and foundation settlements, the absolute values of foundation settlements
are significantly higher than those of free field soils, due to the foundation bearing pressure. The
percent decreases in the ∆𝑆𝐹 values, when the groundwater table is lowered from the soil surface
to the normalized depth of about 2.7, for motions such as WPI, SCZ, TAK, TCU, and JOS are
78%, 66%, 78%, 61%, and 46%, respectively.

Figure 5-5. Variation of permanent soil settlements recorded beneath the foundation as a function of the
normalized depth of the groundwater table, when the sandy soils in different experiments were excited with
the suite of seismic motions.
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Figure 5-6 shows the variation of the normalized soil settlements beneath the foundation,
∆𝑆𝐹 ⁄∆𝑆𝐹,𝐷𝑟𝑦 , as a function of the normalized depth of the groundwater table when the specimens
were excited with the suite of the ground motions. According to the figure, as the depth of the
groundwater table increases, the ∆𝑆𝐹 ⁄∆𝑆𝐹,𝐷𝑟𝑦 ratio decreases, and it even became less than one,
when the depth of the groundwater table became larger than specific values. The slope of the linear
fit in this figure is about -0.32.

Figure 5-6. Variation of the normalized soil settlement beneath the foundation as a function of the normalized
depth of the groundwater table.

5.4.2.2.

Comparison of the measured seismic settlement of the dry and saturated sandy

soil with the estimated settlements based on procedures available in the literature
Tokimatsu and Seed (1987) developed simplified methods to estimate earthquake-induced
settlements in dry and saturated sand deposits. Their method consists of using several figures and
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performing numerous iterations. Later, Pradel (1998) generated a set of equations to estimate
earthquake-induced settlements in dry sands. Finally, Ghayoomi et al. (2013) developed an
empirical methodology to estimate seismic settlement of unsaturated soils. This section compares
the seismic soil settlements, measured from the centrifuge experiments for dry and saturated sandy
soils, with soil settlement estimated from methods developed by Pradel (1998) and Tokimatsu and
Seed (1987). While this section presents the results of the estimations of the settlements based on
the mentioned methods, Appendix, Chapter 12, Section 12.5, describes the procedures in detail
and provides some examples for the performed calculations.
Figure 5-7 compares the seismic soil settlement of the sandy soil, measured in the SND_DRY
centrifuge experiment, with the results of the seismic soil settlements, estimated base on the
method developed by Pradel (1998). While the results of the centrifuge experiments are shown
with solid markers, the results of estimations based on the empirical methods are displayed with
hollow markers. According to the figure, the seismic soil settlements, estimated from the method,
are smaller than the measured soil settlement for the suite of seismic motions. Also, it can be seen
that as the PGA of the free field motion increases, the estimated seismic settlement roughly
increases. The range error difference between the actual settlements and the estimated settlements,
according to the method developed by Pradel (1998), is from 60% to 92%. It is worth mentioning
that the settlement, estimated from the method, is based on assumptions that the soil would follow
empirical relationships which was measured for different soils under different seismic loadings.
Thus, the difference between the actual settlement and estimated settlements was expectable.
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Figure 5-7. Comparison of the free field seismic settlement of dry sandy specimen, measured in the SND_Dry
centrifuge experiment, with the settlement of the soil, estimated using the procedure developed by Pradel
(1998).

The method, developed by Tokimatsu and Seed (1987), can be used to estimate the seismic
settlement of saturated sandy soil layers due to the liquefaction and incomplete liquefaction
phenomenon. The procedure expected that the liquefaction probably might not happen and the
liquefaction did not occur in the centrifuge experiments as predicted. The procedure, developed
by Tokimatsu and Seed (1987), was used to estimate the seismic settlement of the soil due to
incomplete liquefaction. It is worth mentioning that the incomplete liquefaction settlement is due
to generation and dissipation of pore water pressure and rearrangement of sand particles. Figure
5-8 compared the estimated settlements, with the measure seismic soils settlements due to the suite
of seismic motions. According to the figure, the estimated seismic settlements are significantly
132

smaller than the measured settlements. It can also be seen that as the PGA of the free field motion
increases, the estimated seismic settlement increases.
The range of error difference between the actual settlements for saturated sandy soil and the
settlements estimated, according to the method developed by Tokimatsu and Seed (1987), is from
60% to 98%. The difference between the actual and estimated settlements was expectable. The
method is developed based on assumption that the soil would follow the empirical data, which is
measured for different soils under different seismic loadings.

Figure 5-8. Comparison of the free field seismic settlement of saturated sandy specimen, measured in the
SND_WL.0 centrifuge experiment, with the incomplete liquefaction-induced seismic settlement of the soil,
estimated based the procedure developed by Tokimatsu and Seed (1987).
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5.4.2.3.

Soil lateral deformation

The lateral soil deformation profiles during seismic events were measured by LVDTs, attached to
the side of the laminar container, as shown in Figure 5-1. Figure 5-9 depicts the variation of the
maximum lateral deformation of soil layers at the soil surface in free field, 𝛿𝐹𝐹 , as a function of
the normalized depth of the groundwater table. According to the figure, as the depth of the
groundwater table increased, only 𝛿𝐹𝐹 values for WPI motion decreased significantly while the
variations under the other motions either slightly decrease or increase noticeably. This behavior is
probably due to the surface settlement after the first motion that might have freed up the top ring
and released the lateral stiffness. The results in Figure 5-9 for WPI motion is consistent with the
surface settlement where matric suction in unsaturated soil layers increased the effective stress and
shear stiffness and consequently decreased the soil deformation. The percent decreases in the 𝛿𝐹𝐹
values, when the groundwater table is lowered from the soil surface to the normalized depth of
about 2.7, for motions such as WPI, SCZ, TAK, TCU, and JOS are 72%, -180%, 11%, -81%, and
-20%, respectively.
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Figure 5-9. Variation of the maximum lateral deformation of the sandy soil layers at the soil surface as a
function of the normalized depth of the groundwater table, when the sandy soils in different experiments were
excited the suite of the seismic motions.

Figure 5-10 shows variations of the normalized maximum lateral deformation, 𝛿𝐹𝐹 ⁄𝛿𝐹𝐹,𝐷𝑟𝑦 , of
the sandy soils as a function of the normalized depth of the groundwater table. Overall, as the depth
of the groundwater table increases, the 𝛿𝐹𝐹 ⁄𝛿𝐹𝐹,𝐷𝑟𝑦 value decreases. The slope of the linear fit in
the figure is about -0.1.
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Figure 5-10.Variation of the normalized maximum lateral deformation of the soil as a function of the
normalized depth of the groundwater table.

5.4.2.4.

Strain-dependent soil natural frequency

In a previous section, the fundamental small-strain natural frequency, fs, of the sandy soil and the
silty sand in both dry and saturated conditions were reported. Since the shear modulus of the soils
decreases as a result of induced shear strain during the seismic events, it is expected that a straindependent natural frequency, 𝑓̃𝑠 , of the soils would be smaller than fs values.
In this study, a 𝑓̃𝑠 value for a soil layer is estimated using a transfer function between the base
motion (BM) and the free-field motion (FFM). Figure 5-11 shows the transfer function for the dry
sandy soil when the specimen was excited with JOS motion and illustrates that the 𝑓̃𝑠 value is about
2.7 Hz. With the same procedure, the 𝑓̃𝑠 values were determined for the experiments conducted in
this research.
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Figure 5-11. The transfer function between the free filed motion and the base motion, when the dry sandy soil
was excited with JOS motion.

Figure 5-12 illustrates the variations of 𝑓̃𝑠 values as a function of the normalized depth of the
groundwater table. According to the figure, 𝑓̃𝑠 values increase as the depth of the water table
increases. This also can be attributed to the higher shear stiffness in soil layers with a lower
groundwater table. The percent increase in the 𝑓̃𝑠 values, when the groundwater table is lowered
from the soil surface to the normalized depth of about 2.7, for motions such as WPI, SCZ, TAK,
TCU, and JOS are -1%, 32%, 25%, 12%, and 16%, respectively. In addition, in order to better
capture this trend, Figure 5-13 depicts the normalized strain-dependent natural frequency of the
sandy soil, 𝑓̃

𝑓̃𝑠
𝑠,𝐷𝑟𝑦

, as a function of the normalized depth of the groundwater table. The slope of the

linear fit in the figure is about 0.06.
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Figure 5-12.Variation of the strain-dependent natural frequency of the sandy soils as a function of the
normalized depth of the groundwater table, when the sandy soils in different experiments were excited the suite
of the seismic motions.
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Figure 5-13. The effect of the normalized depth of the groundwater table on the normalized strain-dependent
natural frequency of the sandy soil, when the specimens were subjected to the suite of seismic motions.

5.4.2.5.

Mean period of the free field motion

Figure 5-14 shows the effect of the normalized depth of the groundwater table on the mean period
of the free field motion when the sandy soils were subjected to the suite of the seismic motions.
The figure shows that the mean periods decreases with increasing the depth of groundwater level;
although the changes are relatively small. The percent decreases in the mean periods, when the
groundwater table is lowered from the soil surface to the normalized depth of about 2.7, for
motions such as WPI, SCZ, TAK, TCU, and JOS are 13%, -3%, 16%, 10%, and 16%, respectively.
To further investigate, the effect of the depth of the groundwater table on the mean period of the
free field motion, the variations of the normalized mean period as a function of the normalized
depth of the groundwater table is depicted in Figure 5-15. The slope of the linear fit in this figure
is -0.05.
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Figure 5-14.Variation of the mean period of free field motions as a function of the normalized depth of the
groundwater table, when the sandy soils in different experiments were excited with the suite of the seismic
motions.
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Figure 5-15. Variation of the normalized mean period of free field motions as a function of the normalized
depth of the groundwater table.

5.4.2.6.

Peak ground acceleration amplification

Peak Ground Acceleration Amplification factor, 𝐹𝑃𝐺𝐴 , is defined as the ratio of the PGA of the
free field motion to the PGA of the base motion. Figure 5-16 displays the effect of the groundwater
table on 𝐹𝑃𝐺𝐴 of the soil layers, when the specimens were subjected to the set of seismic motions.
According to the figure, 𝐹𝑃𝐺𝐴 values are mostly larger than one, therefore, as the seismic motions
propagate from the base of the soil layers toward the soil surface, their amplitudes were amplified.
The figure also demonstrates that 𝐹𝑃𝐺𝐴 values in saturated soils are generally smaller than those
for the dry soils; furthermore, as the depth of the groundwater table was increased, 𝐹𝑃𝐺𝐴 values
roughly increased. The percent increases in the 𝐹𝑃𝐺𝐴 values, when the groundwater table is lowered
from the soil surface to the normalized depth of about 2.7, for motions such as WPI, SCZ, TAK,
TCU, and JOS are 5%, 4%, 4%, 32%, and 34%, respectively.
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Figure 5-16. Variation of the amplification factors of PGA as a function of the normalized depth of the
groundwater table, when the sandy soils in different experiments were excited with the suite of seismic motions.

Figure 5-17 illustrates the variation of the normalized PGA amplification factor,

𝐹𝑃𝐺𝐴
𝐹𝑃𝐺𝐴,𝐷𝑟𝑦

, as a

function of the normalized depth of the groundwater table. According to the figure, when the
groundwater table was at the soil surface, the ratio is below one, and as the groundwater table was
lowered, the ratio increased. The higher motion amplifications in unsaturated soil layers were also
reported in previous research which is attributed to lower damping in the stiffer unsaturated ground
(Mirshekari & Ghayoomi, 2017). The slope of the linear fit in this figure is about 0.06.
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Figure 5-17.Variation of the normalized PGA amplification factor as a function of the normalized depth of the
groundwater table, when the sandy soils in different experiments were excited with the suite of seismic motions.

5.4.2.7.

Cumulative intensity amplification

Arias intensity amplification factor, 𝐹𝐼𝑎 , is defined in the study as the ratio of the maximum Arias
intensity of the free field motion to the one for the base motion. Figure 5-18 demonstrates the
variations of 𝐹𝐼𝑎 values as a function of the normalized depth of the groundwater table. According
to the figure, the average 𝐹𝐼𝑎 values for the saturated sandy soil are smaller than those for the dry
sandy soils; furthermore, as the depth of the groundwater table was increased, the Arias intensity
amplification factors increased. This is consistent with the previous observation of the PGA
amplification factors. The percent increases in the 𝐹𝐼𝑎 values, when the groundwater table is
lowered from the soil surface to the normalized depth of about 2.7, for motions such as WPI, SCZ,
TAK, TCU, and JOS are 2%, 57%, 14%, 36%, and 20%, respectively. Furthermore, the variations
of the normalized Arias intensity amplification factor as a function of the normalized depth of the
groundwater table are shown in Figure 5-19. The slope of the linear fit in the figure is about 0.10.
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Figure 5-18. Variation of the amplification factors of Arias intensity as a function of the normalized depth of
the groundwater table, when the sandy soils in different experiments were excited with the suite of the seismic
motions.

144

Figure 5-19. Variation of the normalized Arias intensity amplification factor as a function of the normalized
depth of the groundwater table, when the sandy soils in different experiments were excited with the suite of
seismic motions.

5.4.2.8.

Frequency-dependent motion amplification

In literature, an average of the ratio of 5%-damped response spectral acceleration, 𝑆𝑎 , of the free
field motion to the one for the base motion, called the Ratio of Response Spectra (RRS), is
calculated over various frequency ranges to investigate the frequency-dependent amplification of
seismic motions (Borcherdt, 1994). Short-period amplification factor, 𝐹𝑎 , and mid-period
amplification factor, 𝐹𝑣 , are commonly calculated in period ranges such as 0.1-0.5 s and 0.4-2 s,
respectively (Borcherdt, 1994).
Figure 5-20(a) displays 𝑆𝑎 values as a function of an undamped natural period, 𝑇𝑢𝑑 , of a single
degree of freedom system for the base motion and the free field motion, when the dry sand in test
SND_DRY was excited with WPI motion. The 𝑅𝑅𝑆 as a function of 𝑇𝑢𝑑 for this event was
computed and was plotted in Figure 5-20 (b). The 𝐹𝑎 and 𝐹𝑣 values were also determined by
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dividing an area below the 𝑅𝑅𝑆 curve for each of the period ranges to the length of the period
band. 𝐹𝑎 and 𝐹𝑣 for this event were also shown in Figure 5-20 (b). With the same procedure, 𝐹𝑎 and
𝐹𝑣 values were estimated for all the seismic events, performed in this study, as shown in Figure
5-21 to Figure 5-24. The figures generally exhibit that as the motions propagated from the base to
the surface of the soil layers, they were amplified in short-period ranges while insignificant
changes were shown for mid-period range amplifications. The percent increases in the 𝐹𝑎 values,
when the groundwater table is lowered from the soil surface to the normalized depth of about 2.7,
for motions such as WPI, SCZ, TAK, TCU, and JOS are 9%, 46%, 27%, 26%, and 33%,
respectively. Furthermore, The percent increases in the 𝐹𝑣 values, when the groundwater table is
lowered from the soil surface to the normalized depth of about 2.7, for motions such as WPI, SCZ,
TAK, TCU, and JOS are 2%, -8%, -13%, -13%, and -11%, respectively. The slopes of the linear
fits in Figure 5-22 and Figure 5-24 are 0.09, and -0.02, respectively.

Figure 5-20. (a) 5%-damped response spectral acceleration of the base motion and free field motion, when the
dry sandy soil in test SND_DRY was excited with WPI motion; (b) the ratio response spectra between the freefield motion and the base motion.
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Figure 5-21. Variation of the short-period amplification factors as a function of the normalized depth of the
groundwater table, when the sandy soils in different experiments were excited with the suite of the seismic
motions.
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Figure 5-22. Variation of the normalized short-period amplification factors as a function of the normalized
depth of the groundwater table, when the sandy soils in different experiments were excited with the suite of the
seismic motions.
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Figure 5-23. Variation of the mid-period amplification factors as a function of the depth of the groundwater
table, when the sandy soils in different experiments were excited with the suite of the seismic motions.
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Figure 5-24. Variation of the normalized mid-period amplification factors as a function of the normalized depth
of the groundwater table, when the sandy soils in different experiments were excited with the suite of the seismic
motions.

5.4.3. Effect of variation of the groundwater table on the site response of the silty sand
To further study the effect of matric suction on the site response of soils, three dynamic centrifuge
experiments were performed on the silty sand. It was believed that water could be retained in silty
sand at higher suction ranges, so the effect of matric suction on the response becomes even more
visible. Figure 5-25 to Figure 5-42 represent the results of these experiments, where similar figures
presented for sandy soil layers were prepared for the silty sand layers. By comparing these figures
with their conjugates in the previous section, it can be seen that the trends, discussed for the sandy
soil, mostly occurred in the silty sand often with steeper slopes.
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Figure 5-25. Variation of the permanent soil settlements recorded at the free field as a function of the
normalized depth of the groundwater table, when the silty sandy soils in different experiments were excited
with the suite of the seismic motions.
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Figure 5-26. Variation of the normalized permanent soil settlements recorded at the free field as a function of
the normalized depth of the groundwater table, when the silty sandy soils in different experiments were excited
with the suite of the seismic motions.
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Figure 5-27. Variation of the permanent soil settlements recorded beneath the foundation as a function of the
normalized depth of the groundwater table, when the silty sand specimens in different experiments were excited
with the suite of the seismic motions.
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Figure 5-28. Variation of the normalized permanent soil settlements recorded beneath the foundation as a
function of the normalized depth of the groundwater table, when the silty sand specimens in different
experiments were excited with the suite of the seismic motions.

154

Figure 5-29. Variation of the maximum lateral deformation of the sandy soil layers at the soil surface as a
function of the normalized depth of the groundwater table, when the silty sand specimens in different
experiments were excited the suite of the seismic motions.
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Figure 5-30. Variation of the normalized maximum lateral deformation of the sandy soil layers at the soil
surface as a function of the normalized depth of the groundwater table, when the silty sand specimens in
different experiments were excited the suite of the seismic motions.
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Figure 5-31. Variation of the strain-dependent natural frequency of the sandy soils as a function of the
normalized depth of the groundwater table, when the silty sand specimens in different experiments were excited
the suite of the seismic motions.
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Figure 5-32. Variation of the normalized strain-dependent natural frequency of the sandy soils as a function of
the normalized depth of the groundwater table, when the silty sand specimens in different experiments were
excited the suite of the seismic motions.
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Figure 5-33. Variation of the mean period of free field motions as a function of the normalized depth of the
groundwater table, when the silty sand specimens in different experiments were excited with the suite of the
seismic motions.
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Figure 5-34. Variation of the mean period of free field motions as a function of the normalized depth of the
groundwater table, when the silty sand specimens in different experiments were excited with the suite of the
seismic motions.
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Figure 5-35. Variation of the amplification factors of PGA as a function of the normalized depth of the
groundwater table, when the silty sand specimen in different experiments were excited with the suite of seismic
motions.
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Figure 5-36. Variation of the normalized amplification factors of PGA as a function of the normalized depth of
the groundwater table, when the silty sand specimen in different experiments were excited with the suite of
seismic motions.
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Figure 5-37. Variation of the amplification factors of Arias intensity as a function of the normalized depth of
the groundwater table, when the silty sand specimen in different experiments were excited with the suite of the
seismic motions.
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Figure 5-38. Variation of the normalized amplification factors of Arias intensity as a function of the normalized
depth of the groundwater table, when the silty sand specimen in different experiments were excited with the
suite of the seismic motions.
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Figure 5-39. Variation of the short-period amplification factors as a function of the normalized depth of the
groundwater table, when the silty sand specimens in different experiments were excited with the suite of the
seismic motions.
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Figure 5-40. Variation of the normalized short-period amplification factors as a function of the normalized
depth of the groundwater table, when the silty sand specimens in different experiments were excited with the
suite of the seismic motions.
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Figure 5-41. Variation of the mid-period amplification factors as a function of the normalized depth of the
groundwater table, when the silty sand specimens in different experiments were excited with the suite of the
seismic motions.
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Figure 5-42. Variation of the normalized mid-period amplification factors as a function of the normalized depth
of the groundwater table, when the silty sand specimens in different experiments were excited with the suite of
the seismic motions.

5.4.4. Effect of pore fluid viscosity on seismic response of the saturated sandy soil
The effect of the viscosity of pore fluid on seismic response of the sandy soil in the saturated
condition was studied by substituting water with metolose and performing a similar dynamic
centrifuge experiment. Chapter 3, Sections 3.5, 3.6, 0, explains the preparation of the specimen,
the saturation of the specimen with metolose, and properties of the substitute pore fluids. The
seismic behavior the specimen saturated with metolose in test SND_ML.0 was compared with the
specimen saturated with water in test SND_WL.0 in terms of the generation and dissipation of the
pore fluid pressure, the seismic settlement of the soil in the free field and beneath the foundation,
soil strain-dependent natural frequency of the soil, and the soil amplification factors. In general,
relatively good agreements were observed between the seismic responses of the soils in the two
experiments. For brevity, the generation and dissipation of the pore fluid pressure along with the
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free field seismic settlement of the soil layer only under to the first seismic motion were discussed
in this section.
The seismic soil settlement time histories measured at the free field soil surface, ∆𝐹𝐹−𝑡 , during
experiments SND_ML.0, and SLT_WL.0, are compared in Figure 5-43(a), when the specimens
were excited with WPI motion. The sandy soils in test SND_WL.0 and SND_ML.0 were saturated
with de-aired water and de-aired metolose with a viscosity of about 17.1 cSt, respectively. Arias
intensity time histories of the Base Motion (BM) and time histories of the ratio of excess pore
pressure measured at a depth of about 2.5 m, to the initial effective stress, ru, during these tests
(i.e. ru) are also demonstrated in Figure 5-43(b) and Figure 5-43(c), respectively. Moreover, D5
and D95, corresponding to 5% and 95% of total Arias intensity of BM, are marked on the curves
shown in Figure 5-43. Conventionally, the time interval between D5 and D95 is defined as the
significant duration for a seismic motion. Figure 5-43(b) shows that the in-flight shake table
applied almost identical Arias intensity time histories in the two experiments. According to Figure
5-43(a), the seismic soil settlements during the two tests are approximately equal, although
generation and dissipation of the pore fluid pressure are different between the tests, as shown in
Figure 5-43(c).
Since the viscosity of metolose used in test SND_ML.0 is higher than the viscosity of water, the
permeability of the soil in test SND_ML.0 would be smaller. Accordingly, it can be seen in Figure
5-43(c), that the maximum induced pore water pressure in SND_WL.0 occurred before the time
corresponding to D95 while, on the contrary, the maximum pore fluid pressure, measured in the
sandy soil saturated with metolose happened after the time corresponding to D95. However, the
permeability of porous disc attached to the tip of pore pressure sensors may have contributed to
the equilibration time and as a result, the overall pore pressure-time history.
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Furthermore, Figure 5-43(c) depicts that even relatively long after when the specimens were
excited with the seismic motions, the 𝑟𝑢 values did not go back to zero. This phenomenon was
observed for pore pressure sensors, located in different depths in the experiments, and for pore
pressure sensors, placed below the groundwater table during all tests conducted in this research.
The main reason for this phenomenon is that due to each seismic motion, the sensors sunk and
reported higher hydrostatic water pressure at the end of shaking.

Figure 5-43. Comparison of (a) free field seismic soil settlement time history; (b) Arias intensity time histories;
and (c) time history of the ratio of excess pore fluid pressure, measured at depth 2.5 m, to the initial effective
stress, when the sandy soil saturated with water and metolose were excited with WPI motion.
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Figure 5-44 displays the time history of the ratio of the excess pore fluid pressure to the initial
effective stress at various depths, when the sandy soils saturated with water and metolose were
excited with WPI motion.

Figure 5-44. Time history of the ratio of excess pore fluid pressure, measured at various depths, to the initial
effective stress, when the sandy soil saturated with water and metolose were excited with WPI motion.
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5.4.5. Effect of the viscosity of the pore fluid on the seismic response of the unsaturated sand
soil
A seismic centrifuge experiment, test SND_ML.1, was conducted to evaluate the effect of the
viscosity of pore fluid on seismic response of the unsaturated sandy soil. A sandy soil layer was
prepared and was saturated with metolose. During the centrifugation, the level of the metolose
inside the soil specimen was lowered to a depth of about 4.7 m. The test was compared with test
SND_WL.4, where the depth of the groundwater table in the sand soil is about 4.7 m. The seismic
behavior of the two soils was compared in terms of seismic soil settlement in the free field and
beneath the foundation, strain-dependent natural frequencies of the soils, and soil amplification
factors. The responses were similar for the most part except the unsaturated soil with metolose
settled less than the unsaturated soil with water. After test SND_ML.1, it was noticed that the sand
particles up to the depth of about 6.34 mm were cemented together. The soil could be broken to
pieces with diameters about a few centimeters. The texture of the pieces was similar to cemented
sand; however, the pieces could be easily broken by pressing them between two fingers. Figure
5-45 shows a photograph of a sample of the cemented sand with metolose. One of the hypotheses
was that metolose might significantly increase the surface tension,𝛾𝑓 , of the fluid; therefore,
suction stress firmly retains sand particles together.

172

Figure 5-45. Sample of cemented sand with metolose.

The surface tensions of de-aired water and metolose fluids with different viscosities were measured
according to the method outlined by Findlay (1917). The procedure was explained in detail in
Chapter 3, Section 3.7.2, and the variation of the surface tensions of the fluids as a function of the
kinematic viscosity is shown and is discussed in that section. According to Figure 3-14, as the
viscosity of the fluid is increased, the surface tension of the fluid is not significantly altered. It can
be concluded that matric suction is not the main reason for this phenomenon. It is possible that
metolose created interconnected crystals and cemented sand particles together near the soil surface.
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Figure 5-46(a) shows similarities between the free field seismic soil settlement, Δ𝐹𝐹 , of sandy soil
saturated with water and metolose. According to the figure, the viscosity of the fluid does not
influence the seismic settlement of the saturated sandy soil. Figure 5-46(b) compares the Δ𝐹𝐹
values of sandy soil specimens having the groundwater table and the metolose level at the depth
about 4.7 m. According to the figure, metolose-unsaturated soil settled less than water-unsaturated
one. As discussed in Figure 5-45, metolose slightly cemented sand particles together. This
phenomenon could be one of the main reasons for the stiffer behavior of the metolose-unsaturated
soil, compared to the other soil specimen. The average percentage difference in the Δ𝐹𝐹 values
between Test SND_WL.0 and SND_ML.0 is about 30%, while that between Test SND_WL.4 and
SND_ML.1 is 40%.

Figure 5-46. Comparison of the seismic settlement of the soil in the free field of (a) the sandy soil saturated
with water and with metolose (b) the sandy soils having the groundwater table and the metolose level at about
the same depth.
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Figure 5-47(a) compares the maximum lateral deformation, 𝛿𝐹𝐹 , of the sandy soil saturated with
water and metolose. The figure shows the analogy between the 𝛿𝐹𝐹 values for the two soils.
Moreover, Figure 5-47(b) compares the 𝛿𝐹𝐹 values for the sandy soils having the groundwater
table and the metolose level at about the same depth. According to Table 5-1, the depth of the
groundwater table in Test SND_WL.4 is about 4.7 m, while the depth of the metolose level in Test
SND_ML.1 is about 4.7 m. The figure demonstrates that the 𝛿𝐹𝐹 values in Test SND_WL.4 are
slightly larger than the ones in Test SND_ML.1. The average percentage difference in the 𝛿𝐹𝐹
values between Test SND_WL.0 and SND_ML.0 is about 33%, while that between Test
SND_WL.4 and SND_ML.1 is 19%.

Figure 5-47.Comparison of the maximum lateral deformation of (a) the sandy soil saturated with water and
with metolose (b) the sandy soils having the groundwater table and the metolose level at about the same depth.
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5.5. SUMMARY AND CONCLUSIONS
A set of dynamic centrifuge experiments was conducted in this chapter to evaluate the effect of
the depth of the groundwater table on the seismic site response of soils. Two types of soils, which
are sandy soil and silty sand, were studied. The soils were prepared in a laminar container and
were saturated with water. The capillary rise method was used to control the depth of the
groundwater table. The soils were tested when the groundwater tables were at about the soil surface
and at various depths. A set of seismic centrifuge experiments was conducted on dry soils as well.
The effects of the depth of groundwater table on seismic behavior of the soils were assessed in
terms of the seismic soil settlements in the free field and beneath the foundation, the mean period
of the free field motion, strain-dependent natural frequency of the soils, the maximum lateral
deformation of the soils, and the seismic amplification factors. Results of the experiments can be
summarized as follows:
•

As the depth of the groundwater table in the sandy soil was increased from the soil surface,
it was observed that the seismic settlements of the soil in the free field and beneath the
foundation decreased; and they even became less than the settlements of the dry sandy soil.
Therefore, the unsaturated soil behaves stiffer than the dry and saturated soils.

•

The measured seismic soil settlements of the dry and saturated soils in the centrifuge
experiments were compared with the estimation of the earthquake-induced settlements of
the soils based on the available methods in the literature. Results show that the procedures
predicted the settlements of the soil in both dry and saturated conditions less than the
measured ones.

•

The mean periods of the free field motions in saturated sandy soils were generally larger
than those for the dry sandy soil. Furthermore, as the depth of the groundwater table was
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increased, the mean periods of the motions decreased and became closer to the value for
the dry soil
•

The maximum lateral deformations of the sandy soil due to the some of the seismic motions
decreased, as the depth of the groundwater table was increased, and became even smaller
than the values for the dry sandy soils. Thus, the unsaturated soil behaves stiffer than dry
and saturated soils.

•

As the depth of the groundwater table was lowered from the soil surface, while the
amplification factors for peak ground acceleration and Arias intensity, as well as the shortperiod amplification factors, increased, the mid-period amplification factors slightly
decreased for the some of the seismic motions.

•

Almost the same trends were observed when the groundwater table was lowered in the silty
sand.

The effect of the viscosity of pore fluid was studied on seismic behavior of the saturated and
unsaturated sandy soil by substituting water with metolose and performing a seismic centrifuge
experiment. Agreements between the seismic response of the sandy soil saturated with water
and metolose were noticed in terms of the seismic soil settlements in the free filed and beneath
the foundation, the maximum lateral deformation of the soils, the strain-dependent natural
frequency of the soils, and the seismic amplification factors. However, metolose-unsaturated
soil settled and laterally deformed slightly less than the water-unsaturated sandy soil.
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CHAPTER 6

6. EFFECTS OF GROUNDWATER TABLE FLUCTUATION ON
SEISMIC RESPONSE OF SOIL-FOUNDATION SYSTEMS. II:
KINEMATIC SOIL-FOUNDATION INTERACTION

6.1. ABSTRACT
A set of dynamic centrifuge experiments was conducted to evaluate the influence of the depth of
the groundwater table on the lateral and rocking transfer functions of a surface foundation on
unsaturated sand and silty sand. After soil specimens were prepared in a laminar and were saturated
with water, a physical model, representing a mat foundation with a width of about 3.5 m, was
placed on the soil surface. A series of experiments were also performed on dry soil layers. Lateral
and rocking transfer functions, as well as incoherence parameters, were estimated for the
experiments when the specimens were excited with a suite of seismic motions. Major results
include: (1) As the depth of the groundwater table increased, the lateral incoherence parameter
increased, at shallower water depths, while the rocking incoherence parameter was not
significantly changed; (2) Both lateral and rocking incoherence parameters had direct correlations
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with strain-dependent shear wave velocity of the soil below the foundation; (3) Relatively good
correlation was observed only between rocking transfer function and motion intensity parameters.1
6.2. INTRODUCTION
Previous research has shown that the degree of saturation of soils affects mechanical properties of
unsaturated soils(Lu & Likos, 2006; Ghayoomi & McCartney, 2011; Hoyos et al., 2013; Hoyos et
al., 2015); furthermore, seismic response of unsaturated soils diverges from those for dry and
saturated soil (Mirshekari & Ghayoomi, 2017). Analytical kinematic transfer functions are related
to the strain-reduced shear wave velocity of the soils at shallow depth. It has been observed that
the small-strain shear wave velocity of unsaturated sandy soils are larger than those for dry and
saturated soil (Ghayoomi & McCartney, 2011). Thus, matric suction in unsaturated soils may
influence experimental kinematic transfer functions of foundation placed on unsaturated soils.
The primary goal of this chapter is to assess the effect of the depth of the groundwater table on
kinematic soil-foundation interaction of a surface foundation subjected to earthquake motions. To
meet the objective of the chapter, the sets of dynamic centrifuge experiments, conducted in Chapter
5, are analyzed to determine kinematic interaction of the physical model placed on the surface of
the soils. The experimental transfer functions are estimated according to the procedure, explained
in Chapter 4, Section 4.5.4. Then, non-linear regression analyses were performed to match the
experimental transfer functions with analytical transfer functions, developed by Veletsos et al.
(1997), to estimate the incoherence parameters. Variations of the incoherence parameters as a

A journal paper and a conference paper are currently under preparation based on the results presented in
this and last chapters.
1
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function of the depth of the groundwater was used to evaluate the effect of the depth of the
groundwater table on kinematic interaction on a foundation placed on unsaturated soil.
6.3. RESULT AND DISCUSSIONS
6.3.1. Effect of the depth of the groundwater table on kinematic transfer functions of
foundations placed on sandy soils.
The procedure, explained in Chapter 4, Section 4.5.4, was followed in this chapter to estimate
lateral and rocking transfer functions. Then, lateral and rocking incoherence parameters were
determined by matching the analytical kinematic transfer functions with the experimental transfer
functions. Transfer functions and incoherence parameters were determined for experiments when
the Steel Foundation Model (SFM) was placed on the surface of dry and saturated soils as well as
soils having groundwater tables below the soil surface.
Figure 6-1 compares transfer functions as well as incoherence parameters of SFM when the
physical model was placed on the surface of the dry and saturated sandy soil, and the soil
specimens were excited with JOS motion in test SND_DRY and SND_WL.0. Figure 6-1 (a) shows
that when the frequency of the motions is about zero in both dry and saturated cases, amplitudes
of the experimental lateral transfer functions (with high coherence) start at about 1. Then, they
decrease, as the frequency of the motions increases. Overall, trends of the experimental and
analytical lateral transfer functions in the two cases are similar. Furthermore, amplitudes of the
transfer functions are relatively close to each other in different frequencies. However, the figure
demonstrates that the lateral incoherence parameters of the dry and saturated soil are about 1.3,
and 0.9, respectively.
Figure 6-1 (b) illustrates that the trends and amplitudes of the rocking transfer functions for the
two case are also similar. When the frequencies of the motions are about zero, amplitudes of the
180

experimental rocking transfer functions in the two experiments start at about zero, and as the
frequencies of the motions increase, amplitudes of the transfer functions increases. According to
the figure, the rocking incoherence parameters of the dry and saturated soil are about 0.7, and 0.8,
respectively.

Figure 6-1. Comparison of kinematic transfer functions of SFM, placed on the dry and saturated sand (a)
lateral transfer function; (b) rocking transfer function. Analytical transfer functions are shown with bold lines,
and specimens were excited by JOS motion.
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SFM was placed on the sandy soils having groundwater tables in different depths during tests
SND_WL.1, SND_WL.2, and SND_WL.4, and transfer functions were calculated when the
specimens were subjected to JOS motion. The transfer functions were plotted in Figure 6-2 along
with the transfer functions of the dry and saturated sandy soils. According to the figure, the trends,
discussed for the dry and saturated soil layers, are compatible with transfer functions for soils
having different groundwater table levels. Furthermore, amplitudes of the lateral and rocking
transfer functions of the sandy soil in different scenarios are relatively similar.
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Figure 6-2. Comparison of kinematic transfer functions of SFM, placed on the dry sand, with those for it, when
was situated on the sandy soil having the groundwater table at different depths: (a) lateral transfer function;
(b) rocking transfer function. Analytical transfer functions are shown with bold lines, and specimens were
excited by JOS motion.

Transfer functions were computed for all experiments when the specimens were subjected to the
suite of the seismic motions. The lateral and rocking incoherence parameters were plotted against
the normalized depth of the groundwater tables for each seismic motion to evaluate the effect of
the depth of the groundwater table on kinematic interaction, as shown in Figure 6-3 and Figure
6-4.
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The lateral and rocking incoherence parameters of SFM on dry soil layers are also shown on the
figures with horizontal dash lines. Figure 6-3 shows that the lateral incoherence parameters of the
saturated sand for the suite of the seismic motions are generally smaller than those for the dry sand.
Furthermore, as the depth of the groundwater table increased, the lateral incoherence parameters
slightly increased. However, there is a dip when the groundwater level is around 3 to 4 meters;
then, the kinematic interaction would go back up following the previous increasing trend. One of
the reasons could be that as the depth of the groundwater table is increased, matric suction
increases. The increase in matric suction may raise the shear wave velocity of the soil and the
cohesion between the foundation and the soil. It is possible that when the groundwater table was
changed from 3 to 4 meter, a dominant mechanism was switched from one mechanism to another.
The low incoherence parameters in this specific water depth are consistent among the tests in
different seismic excitation.
It should be noted that low incoherence parameter means a very strong correlation between free
field and foundation motion and minimal change as motion propagates from the soil surface to the
foundation. This different pattern might have been due to an outlier experimental data normal in
any experimental investigation and could have been a result of different foundation or
instrumentation placements. However, there is a hypothesis that could explain the nonlinear
pattern. First, as the water table receded the effective stress under the foundation increases due to
the presence of matric suction, which would directly increase the incoherence parameter, on the
other hand, matric suction would result in suction stress, and this could provide a stronger bond
between the soil and foundation and reduce the incoherence parameter. These two phenomena can
counteract while they switch the dominance depending on the level of water. Eventually, water
gets very deep and also evaporation removes the residual moisture and the effect of suction. For
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future research, more experiments can be performed to evaluate these hypotheses, potential
mechanisms, and the repeatability of the observations. The percent increases in the 𝜅𝐿 values, when
the groundwater table is lowered from the soil surface to the normalized depth of about 2.7, for
motions such as WPI, SCZ, TAK, TCU, and JOS are 121%, N/A, 114%, 248%, and 52%,
respectively.

Figure 6-3. Variation of the lateral incoherence parameter as a function of the normalized depth of the
groundwater table, when SFM was excited with the suite of seismic motions in the different experiments.

Figure 6-4 demonstrates that the rocking incoherence parameter of the saturated sand for the set
of the seismic motions are slightly larger than those for the dry sand. In addition, the rocking
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incoherence parameters did not significantly change as the depth of the groundwater table
increased. The minimal variations in rocking transfer functions among different saturation
conditions could be due to firstly very low-intensity seismic excitation, which did not contribute
substantially to rocking motion; secondly very thin shallow foundation with minimal rocking
potential; and thirdly relatively good 1-D motion with small spatial variability below the
foundation. The percent decrease in the 𝜅𝑅 values, when the groundwater table is lowered from
the soil surface to the normalized depth of about 2.7, for motions such as WPI, SCZ, TAK, TCU,
and JOS are 6%, 35%, 10%, 17%, and 11%, respectively.

Figure 6-4. Variation of the rocking incoherence parameter as a function of the normalized depth of the
groundwater table, when SFM was excited with the suite of seismic motions in the different experiments.
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Figure 2-9 showed analytical lateral and rocking transfer functions of a square foundation,
subjected to vertically incident incoherent waves. It is worth mentioning that Chapter 2, Section
2.6 explains the transfer functions in detail. It can be shown using the figure that as the shear wave
velocity of the soil increases, the rocking incoherence parameter should also increase to have a
rocking transfer function with the same amplitude. Table 5-1shows that as the depth of the
groundwater table increases, the average, overburden-corrected, small-strain, near-surface shear
wave velocities, 𝑉̅𝑠,𝑂𝐶 , increases, and it reaches the value for the dry soil, when the depth of the
groundwater table becomes deeper than the half of the foundation width. It is worth mentioning
that the average, overburden-corrected, strain-reduced, near-surface, shear wave velocity, 𝑉̅𝑠,𝑟 , is
used to match the analytical transfer functions with the experimental transfer functions. Figure 6-5
displays the variation of the 𝑉̅𝑠,𝑟 value as a function of the normalized depth of the groundwater
table. According to the figure, as the depth of the groundwater table increases, the 𝑉̅𝑠,𝑟 value
increases for the suite of the seismic motions. Although the 𝑉̅𝑠,𝑟 value increase, as the depth of the
groundwater table increases, the rocking incoherence parameter stays approximately constant, as
shown in Figure 6-4. This behavior means that the amplitude of the rocking transfer function also
changes and masks the effect of the increase of the 𝑉̅𝑠,𝑟 value, as the depth of the groundwater table
increases. The percent decrease in the 𝑉̅𝑠,𝑟 values, when the groundwater table is lowered from the
soil surface to the normalized depth of about 2.7, for motions such as WPI, SCZ, TAK, TCU, and
JOS are 67%, 4%, 19%, 6%, and 13%, respectively.
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Figure 6-5. Variation of the average, overburden-corrected, strain-reduced, near-surface, shear wave velocity
as a function of the normalized depth of the groundwater table, when the sandy soils in different experiments
were excited with the suite of seismic motions.

6.3.2. Incoherence parameter in sandy soils: correlations with soil shear wave velocity and
ground motion parameters
Variations of the lateral and rocking incoherence parameters, estimated for dry sandy soil and the
sandy soils having groundwater table in various depths, as a function of the average, overburdencorrected, strain-reduced, near-surface, shear wave velocity, 𝑉̅𝑠,𝑟 , of the soils are depicted in Figure
6-6. According to Figure 6-6(a), 𝜅𝐿 values scatter across the shown range of the shear wave
velocity. However, it can be seen for the majority of data points, as 𝑉̅𝑠,𝑟 increases, the 𝜅𝐿 value
roughly increases. This behavior, with less, scatter, was noticed for the lateral incoherence
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parameter, discussed in Chapter 4 for the dry sandy soil only. Figure 6-6(b) illustrates that the
𝜅𝑅 values have a stronger correlation with 𝑉̅𝑠,𝑟 values, compared to 𝜅𝐿 values, where as 𝑉̅𝑠,𝑟 value
increases, 𝜅𝑅 value also increases. The same trend was observed for the rocking incoherence
parameter for the dry sandy soil only, discussed in Chapter 4.

Figure 6-6. Variation of the lateral and rocking incoherence parameter with the average, overburdencorrected, strain-reduced, near-surface, shear wave velocity of the dry sandy soil and the sandy soil having the
groundwater table at various depths: (a) lateral incoherence parameter; (b) rocking incoherence parameter.

Figure 6-7 illustrates variations of the lateral incoherence parameter as functions of different freefield ground motion parameters for different tests. According to the figure, 𝜅𝐿 values scatter across
the range of parameters; therefore, no general trend could be inferred. Different counteracting
mechanisms such as an apparent cohesion could have masked an expected decreasing trend
observed in dry soils, shown in Chapter 4. Figure 6-8 shows correlations between the rocking
incoherence parameter with ground motion parameters of the free-field motion. As expected,
𝜅𝑅 values generally decrease as the intensity of motion increases similar to what was reported in
Chapter 4.
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Figure 6-7. Variations of the lateral incoherence parameters with free-field ground motion parameter, when
the dry sandy soil and the sandy soil having various the groundwater tables were excited with the suite of the
seismic motions.

Figure 6-8. Variations of the rocking incoherence parameters with free-field ground motion parameter, when
the dry sandy soil and the sandy soil having various the groundwater tables were excited with the suite of the
seismic motions.
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6.3.3. Effect of the depth of the groundwater table on kinematic transfer functions of
foundations, placed on the silty sand layer
Transfer functions of SFM, when placed on dry silty sand, in tests SLT_DRY, SLT_WL.0, and
SLT_WL.1 are compared to investigate the effect of matric suction on kinematic interaction
further. Figure 6-9 compares these transfer functions when the physical model was excited with
JOS motion. The figure demonstrates similarities between amplitudes of the experimental lateral
and rocking transfer functions in the three experiments. Furthermore, the trends discussed for the
sandy soil also can also be observed in the results of the experiments performed on the silty sand.
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Figure 6-9. Comparison of foundation transfer functions of SFM when sited on the dry silty sand with those
for it when situated on silty sandy soil having the groundwater table at different depths: (a) lateral transfer
function; (b) rocking transfer function. Analytical transfer functions are shown with bold lines, and specimens
were subjected to JOS motion.

6.3.4. Effect of pore fluid viscosity on kinematic transfer functions of saturated and
unsaturated sandy soil
Dynamic centrifuge experiments were performed to evaluate the effect of viscosity of pore fluid
on lateral and rocking transfer functions of a foundation placed on sand layer saturated with
metolose, i.e., SND_ML.0. Figure 6-10 compares experimental and analytical kinematic transfer
functions of the physical models placed on sandy soil saturated with water and metolose when the
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soil specimens were excited with JOS motion. According to the figure, a good agreement can be
observed between the transfer functions and the incoherence parameters of the two experiments.
Analogies between the seismic response of the two experiments were also noticed when the soil
specimens were subjected to the other seismic motions.

Figure 6-10. Comparison of experimental and analytical foundation transfer functions of the physical model
placed on saturated sandy soils with water and metolose, when excited by the JOS motion: (a) transfer function
of the lateral component of FM and FFM; (b) transfer function of rocking component of FM to FFM.
Theoretical matches are shown with bold lines.
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The effect of the viscosity of pore fluid on the kinematic transfer function of a foundation on
unsaturated sandy soil was studied by conducting a dynamic centrifuge experiment, Test
SND_ML.1. The depth of the metolose inside the soil layer was lowered to about 4.7 m during the
centrifugation. The experimental results are compared with the test SND_WL.4, where the depth
of the groundwater table was also about 4.7 m. Figure 6-11 compares the lateral and rocking
transfer functions as well as the lateral and rocking incoherence parameter for the two experiments
when the specimens were subjected to JOS motion. The figure displays agreements between the
transfer functions and the incoherence parameters of the two experiments. Similarities between the
transfer functions of the two experiments were also observed when the specimens were shaken
with the other seismic motions.
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Figure 6-11. Comparison of experimental and analytical foundation transfer functions of the physical model
placed on sandy soils having metolose and water at depth about 4.7 m, when the specimens were excited by the
JOS motion: (a) transfer function of the lateral.

6.4. SUMMARY AND CONCLUSIONS
A set of seismic centrifuge experiments was performed to assess the effect of the depth of the
groundwater table on the lateral and rocking transfer functions of a surface foundation on
unsaturated sand and silty sand. The soils were prepared in a laminar container; then they were
saturated with water by injecting water from the base of the soil layers. A physical model,
representing a mat foundation with a width of about 3.5 m, was placed on the surface of the soils.
The capillary rise method was utilized to lower the depth of the groundwater in the soil specimens
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to target different water depths during the centrifugation. Then, the specimens were excited with
a suite of seismic motions. A set of dynamic centrifuge experiment was also conducted on the dry
soils.
Motions measured at the physical model as well as the free-field motions were used to estimate
lateral and rocking transfer functions between the foundation motion and the free field motion.
Non-linear regression analyses were performed to match the analytical transfer functions with the
experimental transfer function to determine incoherence parameters. The experimental results
showed that:
•

Overall trends in the lateral and rocking transfer functions for the dry sandy soil were
compatible with those for the saturated sandy soils as well as the transfer function of soils
having groundwater table at different depths.

•

The lateral incoherence parameters in saturated sandy soil for the suite of seismic motions
were slightly smaller than the values in the dry sandy soil. Moreover, as the depth of the
groundwater table increased, for the shallower water depths, the lateral incoherence
parameter increased.

•

As the depth of the groundwater table increases, the average, overburden-corrected, strainreduced, near-surface, shear wave velocity increases. Theoretically, when the shear wave
velocity increases, if the amplitude of the rocking incoherence parameter stays constant,
the rocking incoherence parameter should increase. However, it was observed that as the
depth of the groundwater table increases, the rocking incoherence parameter stays
approximately constant. The main reason is that the amplitude of the rocking transfer
function also changes and masks the effect of the higher shear wave.
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•

As the strain-reduced shear wave velocity of the sandy soils increased, the lateral and
rocking incoherence parameters of the sandy soils in dry, saturated and unsaturated
conditions roughly increased.

•

Noticeable correlations were observed between the rocking incoherence parameters and
the ground motion parameters of the free field motions, where the rocking incoherence
parameter generally decreased, as the peak ground velocity, Arias intensity, and the
shaking intensity of the free field motion increased.

•

The effect of the viscosity of pore fluid on the kinematic transfer functions was not
significant.
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CHAPTER 7

7. SUMMARY, CONCLUSIONS, AND FUTURE WORK

7.1. SUMMARY
This dissertation followed two primary objectives and several secondary objectives. This chapter
presents a summary of the objectives, conclusions of the research results, recommendations for
future work, and intellectual merit of the dissertation. The primary objectives of the dissertation
are to:
1. Evaluate the effects of inertial interaction and structural and foundation masses on the
kinematic interaction.
2. Study the effects of the depth of the groundwater table on kinematic interaction and site
response of unsaturated soils through centrifuge modeling.
These primary objectives were addressed through the following steps, summarized below:
▪

Five historical earthquake motions, covering a wide range of ground motion characteristics,
were selected, scaled, and calibrated for the shake table.

▪

A prototype structure with a meaningful soil-structure interaction effect was selected and
physically modeled and designed for 50-g centripetal acceleration. The physical model,
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along with two stand-alone foundations, were used in three sets of dynamic centrifuge
experiments.
▪

Centrifuge tests were performed on dry, saturated, and unsaturated sand and silty sand
layers. Unsaturated soil layers were achieved by lowering the groundwater level to various
depths.

Further, in order to address some fundamental questions related to primary adjectives, centrifuge
tests were performed to pursue the following secondary objective:
3. Evaluate the empirical impedance function through centrifuge modeling.
4. Assess the performance of two-stage scaling in centrifuge modeling.
5. Study the effect of centrifuge modeling on suction scaling and soil water retention.
7.2. CONCLUSIONS
A summary of research conclusions and outcomes are listed below. These conclusions are labeled
according to the research objective they are answering:
1-1.

Three physical models, including Steel Foundation- Structure Model (SFSM), Steel
Foundation Model (SFM), Acrylic Foundation Model (AFM) were modeled on the dry
sand layer. Inertial interaction clearly affected lateral and rocking transfer functions of
SFSM. Furthermore, while the amplitudes of the lateral transfer functions of SFSM
experiments were generally smaller than those of the two other physical models, the
amplitudes of the rocking transfer functions of SFSM experiments were roughly larger than
those of the two other physical models. Therefore, if a semi-empirical model, which is
developed based on measurement of Foundation Motion (FM), is used to estimate
kinematic transfer functions, the lateral component of Foundation Input Motion (FIM) may
be overly reduced, while the rocking component of FIM may be overly introduced.
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1-2.

Similar responses were observed between kinematic transfer functions of SFM and AFM;
consequently, the effect of the foundation mass on the kinematic transfer functions was not
substantial.

1-3.

As the intensity of motions increased, the lateral and rocking incoherence parameters
decreased. Therefore, as the intensity of expected Free Field Motion (FFM) increases, the
reduction in the lateral component of FIM and the introduction of the rocking component
of FIM should be applied more conservatively.

1-4.

As the strain-reduced shear wave velocity of the soil layer increased, the lateral and rocking
incoherence parameters also increased.

2-1.

SFM was placed on the sand and silty sand layers with different water depth, including dry
soil layers. As the depth of the groundwater level in the soil was lowered from the soil
surface, the seismic settlements of the soil in the free field and beneath the foundation, as
well as the maximum lateral deformation of the soil layer decreased. This behavior was a
result of a stiffer response in the unsaturated ground.

2-2.

As the depth of the groundwater table was increased, the mean periods of the free field
motions generally decreased and became closer to the value for the dry soil. Therefore, this
phenomenon shows that the depth of the groundwater table affects the frequency content
of the free field motions.

2-3.

As the depth of the groundwater table was increased from the soil surface, while the
amplification factors for peak ground acceleration, Arias intensity, and the short-period
amplification factor increased, the mid-period amplification factors slightly decreased for
the some of the motions. When saturated soil is excited with a seismic motion, excessive
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pore water pressure is generated then dissipated. Therefore, it can be expected that
amplifications of motions in a saturated soil would be smaller than amplifications of
motions in dry soil. Also, as the depth of the groundwater table increases, pore water
pressure is generated in a smaller portion of the soil; therefore, amplification of the motions
should become closer to the values for the dry soil.
2-4.

Trends and range of amplitudes of the lateral and rocking transfer functions for the dry,
saturated, and unsaturated soils were similar.

2-5.

The lateral incoherence parameters for saturated soils were generally smaller than those for
the dry sandy soil. Furthermore, as the depth of the groundwater table was increased, the
lateral incoherence parameter increased, while the rocking incoherence parameters were
approximately insensitive; also, the average strain-reduced shear wave velocity of the soils
increased.

2-6.

As the strain-reduced shear wave velocities of the soils in different conditions such as dry,
saturated, and unsaturated increased, the lateral and rocking incoherence parameter
generally increased.

2-7.

As the intensity of the free field motion increased, while the rocking incoherence parameter
decreased, the lateral incoherence parameter did not follow a significant trend.

2-8.

Similar trends were observed in tests performed on sands and silty sands.

2-9.

More viscous, substitute pore fluid in saturated soil did not significantly affect the
response; however, in unsaturated soil, it stiffened the response. Also, the viscosity of the
pre fluid did not substantially influence kinematic transfer functions.
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3-1.

The experimental impedance function results showed that as the maximum shear strain
below the physical model increased, the lateral and rocking foundation stiffness decreased,
while the lateral dashpot coefficient increased, the rocking dashpot coefficient did not show
a significant trend.

3-2.

The experimental impedance functions were compared with theoretical impedance
functions for a massless circular foundation, developed by Veletsos & Wei (1971). In
general, the experimental stiffness values were lower, while the experimental foundation
dashpot coefficients were larger.

4-1.

The soil-structure interaction results of the experiments on Two-stage scaling Centrifuge
(TCM) Model were compared with those of Conventional Centrifuge Model (CCM).
An overall agreement was observed, when the sets of experiments on CCM and TCM
were compared in terms of seismic soil settlements in the free field and beneath the
physical models, mean period of the free field motions, seismic amplification factors,
flexible-base natural frequencies of the physical models, kinematic transfer functions as
well as incoherence parameters, and foundation impedance functions.

5-1.

The results of the capillary rise experiments showed that the soil approximately followed
the drying path of the SWRC during these experiments. Agreements were observed
between the SWRC measured in tensiometer tests and those during the centrifuge
experiments. Furthermore, the scaling factor for the capillary height approximately
equals to the scaling factor for length.
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5-2.

The results of the steady-state infiltration experiments demonstrated that the soil
followed a hysteresis path (drying and wetting) of the SWRC in these experiments.
Furthermore, the centripetal acceleration does not significantly influence the SWRC of
the soil.

7.3. DISSERTATION INTELLECTUAL MERIT
This dissertation consists of a few studies on the soil-structure interaction effects, the seismic site
response, and unsaturated soil mechanics. This section concisely reviews these topics and provides
the author’s opinion about the most significant contribution of this Ph.D. research to the field of
study. Furthermore, the section also discusses the audiences, which might mainly benefit from the
results of the research.
Chapter 4 studies the effect of inertial interaction and the mass of the foundation on the kinematic
transfer functions of structures placed on the surface of dry sandy soil by performing a set of
dynamic centrifuge experiments. Although several researchers have substantially studied
kinematic interaction, the majority of these studies were based on analytical or numerical studies;
however, this chapter experimentally investigated some of the most fundamental concepts about
kinematic interaction. The chapter shows that the inertial interaction significantly affects the lateral
transfer function; furthermore, the effect of the mass of the foundation is not substantial on the
lateral and rocking transfer functions. The results also illustrate that using a semi-empirical model
may lead to over reduction of the lateral component of the foundation input motion. The results
from this chapter may initiate a change in the design codes in consideration of kinematic
interaction where engineers should be more cautious using empirical relations based on measured
foundation motions.
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Chapter 5 investigates the effect of the depth of the groundwater table on the seismic soil settlement
and lateral deformation, as well as seismic site response of the sandy soil and the silty sand by
performing a series of dynamic centrifuge experiments. The results of the research is useful in the
site response analyses when the depth of the groundwater table is considered in modeling. In the
long run and by incorporating more experimental data through statistical analysis, engineers and
researchers could include the uncertainty caused by seasonal or global fluctuation of water level
on site response analysis and evaluation.
Chapter 6 assess the effect of the depth of the groundwater table on the kinematic transfer functions
of a foundation, placed on the surface of the sandy soil and silty sandy by conducting a suite of
dynamic centrifuge experiments. This chapter presents one of the first studies that investigated the
influence of the water content of soils on kinematic interaction. It can be used to develop more
accurate semi-empirical models for incoherence parameter by considering the effect of the depth
of the groundwater table.
Appendix Chapter 9 experimentally estimated the foundation impedance functions of a structure,
placed on the surface of dry sand soil by performing a seismic centrifuge experiment. The research
shows that the foundation impedance functions can be successfully estimated from centrifuge
experiments. Also, it demonstrates the effect of the induced shear strain on the foundation
impedance function. While the impedance functions have been mainly investigated through
analytical and numerical studies, this research would shed light on how experimental impedance
functions compare with analytical ones and how modelers should consider these differences in
their analysis.
Appendix Chapter 10 experimentally accesses the two-stage scaling method for study soilstructure interaction effects by performing a set of seismic centrifuge experiment. This chapter
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provides an alternative method for researchers in centrifuge modeling to use currently available
centrifuge facilities to perform centrifuge modeling for large prototypes.
Appendix Chapter 11 evaluates the effect of the centripetal acceleration on the soil water retention
curve and the capillary height of sandy soil by conducting a set of centrifuge experiments. The
results show that the scale factor for the capillary rise is approximately the same as the scale factor
for length and soil-water retention is not scaled. The scale factor for the capillary rise and water
retention characteristics are important when modeling unsaturated soils in the centrifuge.
7.4. RECOMMENDATIONS FOR FUTURE WORK
This research probably is one of the very first studies on the effect of the groundwater table
fluctuation on soil-structure interaction. It provided insights on some fundamental issues; however,
several questions remain unanswered. The following research ideas are recommended based on
the results of this research.
•

Centrifuge modeling can be performed to simulate structures with spread footings and
or mat foundations with widths, which are larger than the foundation width studied in
this research. These experiments require a geotechnical centrifuge, which is larger than
the centrifuge utilized in this study.

•

The embedment effect can be studied through modeling structures with embedded
foundations.

•

The effect of fluctuation of the groundwater table can be studied on soil-structure
interaction of multi-degree-of-freedom systems.

•

The effect of the groundwater table on the seismic response of soils can be studied,
when the soil specimens are subjected to motions with higher intensities, compared to
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the intensities of the motions used in this research. These motions might introduce
different mechanisms in the response of soil-foundation systems; e.g., liquefaction in
saturated or significant seismic compression in unsaturated soils.
•

A set of dynamic centrifuge experiments was performed in this dissertation to
determine the influence of the depth of the groundwater table on the seismic site
response of sandy soil and silty sand. Similar experiments can be performed on natural
silt and clay to further and better evaluate the effect of matric suction.

•

Numerical modeling can be used to expand the results for other systems and boundary
conditions, while calibrated and verified based results of experiments performed in this
dissection.

•

The effect of centrifugation was experimental studied on suction scaling and soil water
retention of sandy soils in this dissertation. A similar study can be performed on natural
silt and clay to expand the results of the research.

•

The scaling factor of the 1-g shake table experiments can be used to design and
constructed a physical model, representing the target prototype structure of this
dissertation. Sandy soil layers can be prepared in a relatively larger laminar container.
The physical model can be placed on the soil layer, then a set of 1-g shake table
experiments can be performed. The seismic response of the 1-g physical model can be
compared with those for the physical models used for evaluation of the performance of
the two-stage scaling method in this dissection.

•

A set of dynamic centrifuge experiments was conducted to estimate foundation
impedance functions for a structure placed on a dry sandy soil. The capillary rise
method can be used to perform similar studies on soils having the groundwater tables
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in various depths. Results of the experiments can be used to evaluate the effect of the
depth of the groundwater table on foundation impedance functions of structures placed
on unsaturated soils.

207

APPENDIX, CHAPTER 8

8. INERTIAL INTERACTION ANALYSES AND PROCEDURES

8.1. ABSTRACT
This chapter introduces inertial interaction, its effects on the seismic response of a structure placed
on a soil layer, and the concept of foundation impedance functions. Then, it explains in detail the
methods, utilized in this dissertation to experimentally estimate the foundation impedance
functions based on motions measured in different spots of the physical model and at the free field.
8.2. INTRODUCTION
During a seismic event, structural vibrations lead to base-shear forces and overturning moments at
the foundation of a structure. These inertia-driven forces and moments cause additional
displacements and rotations at the foundation compared to the free-field motion. In literature, the
effect that causes these displacements and rotations is referred to as inertial interaction.
As a result of inertial interaction, the natural period of the structure is increased compared to the
fix-based condition due to the flexibility of the soil layer. This phenomenon is called the period
lengthening effect. Inertial interaction also increases the damping of the system. The additional
damping is commonly referred to as foundation damping. The foundation damping consists of two
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parts, which are hysteretic damping and radiation damping. While the hysteretic damping is mainly
caused by the hysteretic soil damping, the radiation damping occurs due to radiation of energy in
the form of stress waves from the foundation (NIST, 2012). This chapter describes the principals
of inertial interaction and procedures used in this research to estimate impedance functions.
8.3. IMPEDANCE FUNCTIONS
Foundation impedance functions specify the relationships between inertial forces, such as baseshear forces and overturning moments at the foundation level, and the relative displacements and
rotations of a foundation with respect to FFM. Equation (8-1) describes the lateral, rocking, and
coupling lateral-rocking foundation impedance functions. These functions are frequencydependent and complex-valued. The real and imaginary parts of the functions represent the
stiffness and damping of the foundation support medium, respectively (Veletsos & Wei, 1971;
Apsel & Luco, 1987; NIST, 2012). It is worth mentioning that the inverse of an impedance function
is commonly called a compliance function (Moslem & Trifunac, 1986).
𝑘̂𝑗 = 𝑘𝑗 + 𝑖𝜔𝑐𝑗

𝑗 = 𝑢, 𝜃, 𝑢𝜃, 𝜃𝑢

𝐾𝑗 𝑟𝑗
𝑘𝑗 = 𝛼𝑗 𝐾𝑗 ; 𝑐𝑗 = 𝛽𝑗
𝑉𝑠
𝑟𝑢 = √

(8-1)

𝑗 = 𝑢, 𝜃, 𝑢𝜃, 𝜃𝑢

(8-2)

4 4𝐼
𝐴𝑓
𝑓
; 𝑟𝜃 = √ ; 𝑟𝑢𝜃 = 𝑟𝜃𝑢 ≅ 𝑟𝑢
𝜋
4

(8-3)

where subscript 𝑗 denotes either lateral deformation mode (u), rocking deformation mode (θ), or
coupling lateral-rocking deformation modes (uθ and θu); kj and cj are frequency-dependent
foundation stiffness and dashpot coefficients, for mode j; i is the square root of -1; ω is the circular
frequency (rad/s). The frequency dependent stiffness and dashpot coefficients (i.e., kj and cj,
respectively) for a foundation can be estimated using Equation (8-2); where Kj is the static stiffness
of a foundation, for mode j; αj and βj control the frequency dependency of stiffness and damping
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terms; Vs is an average reduced shear wave velocity of the soil beneath the foundation; rj is an
equivalent foundation radius, for mode j. The static stiffness of foundations with different
geometries are readily available in the literature (NIST, 2012); moreover, the αj and βj terms are
conventionally determined by performing numerical calculations or estimated based on available
numerical studies on the literature (Veletsos & Wei, 1971; Wong & Luco, 1985; Apsel & Luco,
1987; NIST, 2012). ru, rθ, and ruθ (rθu) are equivalent foundation radius for lateral deformation,
rocking deformation, and coupling deformation modes, respectively, expressed in Equation (8-3).
8.4. DESCRIPTION OF ANALYTICAL MODEL FOR ANALYZING INERTIAL
INTERACTION
Crouse and McGuire (2001) developed an analytical model for a multiple-story structure placed
on a compliant base with a translational and a rocking degree of freedoms. Since the physical
models used in this research has one story, the structural degree of freedom of the analytical model
was decreased to one. Figure 8-1 shows the analytical models and defines the parameters of the
model. The analytical model is used in this research to analyze inertial interaction and is explained
in this section in detail to make this dissertation a self-sufficient source.
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Figure 8-1. Analytical model used to analyze inertial interaction and estimate foundation impedance functions
[redrawn from (Moslem & Trifunac, 1986; Crouse & McGuire, 2001)].

Crouse and McGuire (2001) defined the relationship between the base shear, 𝐹𝑥 , and base
overturning moment, 𝑀𝜃𝑦 , with the foundation translation displacement relative to the free-field
motion, 𝑢𝑥 , and foundation rocking rotation, 𝜃𝑦 , according to Equation (8-4). It should be noted
that the equation is valid for the Fourier transform of the variables. The hat symbol, also known as
the caret symbol, ^, is used to indicate the Fourier transfer of a time-domain variable (Crouse &
McGuire, 2001). In the following Equations, matrices are written with bold variables.
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𝑢̂𝑥
𝐹̂𝑥
{ ̂ } = 𝑲𝒇 { ̂ }
𝜃𝑦
𝑀𝜃𝑦

(8-4)

where 𝑲𝒇 is the foundation impedance function, defined in Equation (8-5) (Crouse & McGuire,
2001) .
𝐾𝑥 (𝜔)
𝐾𝑥−𝜃𝑦 (𝜔)
𝑲𝒇 = 𝑲𝒇 (𝜔) = [
]
𝐾𝜃𝑦 −𝑥 (𝜔) 𝐾𝜃𝑦 (𝜔)

(8-5)

where 𝜔 is the circular frequency of vibration. 𝐾𝑥 (𝜔), 𝐾𝜃𝑦 (𝜔), 𝐾𝜃𝑦 −𝑥 (𝜔), and 𝐾𝑥−𝜃𝑦 (𝜔) are the
complex-valued frequency-dependent foundation impedance functions for translation, rocking,
and coupling of translation and rocking degree of freedoms, respectively. These impedance
functions can be rewritten as shown in (8-6) (Crouse & McGuire, 2001).
𝐾𝑝𝑞 = 𝑅̃ [𝐾𝑝𝑞 ] + 𝑖𝐼̃[𝐾𝑝𝑞 ] = 𝑘𝑝𝑞 + 𝑖𝜔𝑐𝑝𝑞

(8-6)
where subscripts 𝑝 and 𝑞 indicates the position of elements 𝐾𝑝𝑞 is the impedance matrix, 𝑲𝒇 . 𝑖 is
the square root of -1. 𝑘𝑝𝑞 and 𝑐𝑝𝑞 represents the frequency-dependent stiffness and damping terms.
The functions 𝑅̃ (𝑧) and 𝐼̃(𝑧) return the real and imaginary parts of the complex number, z (Crouse
& McGuire, 2001).
By placing Equations (8-6) and (8-5) into (8-4), the following equations can be developed (Crouse
& McGuire, 2001).
𝑢̂𝑥
𝐹̂𝑥
{ ̂ } = [𝒌𝒇 + 𝑖𝜔𝒄𝒇 ] { ̂ }
𝜃𝑦
𝑀𝜃𝑦

(8-7)

Where 𝒌𝒇 and 𝒄𝒇 represent the foundation stiffness and damping matrices and are defined by the
following Equations (Crouse & McGuire, 2001).
𝒌𝒇 = 𝑅̃ [𝑲𝒇 ] = [

𝑘𝑥 (𝜔)
𝑘𝑥−𝜃𝑦 (𝜔)
]
𝑘𝜃𝑦 −𝑥 (𝜔) 𝑘𝜃𝑦 (𝜔)

(8-8)
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𝒌𝒇 =

𝑐𝑥 (𝜔)
𝑐𝑥−𝜃𝑦 (𝜔)
1
𝐼̃[𝑲𝒇 ] = [
]
𝑐𝜃𝑦 −𝑥 (𝜔) 𝑐𝜃𝑦 (𝜔)
𝜔

(8-9)

Equation (8-10) shows the equation of the motion of the system when the system is subjected to
the free-field ground motion, 𝑢𝑔 (Crouse & McGuire, 2001).
𝒎𝒖̈ + 𝒄𝒖̇ + 𝒌𝒖 = −𝒎𝒔𝑢̈ 𝑔

(8-10)
where 𝒖 is the displacement vector of the system and is defined in Equation (8-11) (Crouse &
McGuire, 2001).
𝑢𝑥
𝒖 = {𝜃𝑦 }
(8-11)
𝑢𝑠
where 𝑢𝑠 is the relative displacement of the lumped mass compared to the displacement of the
foundation. 𝒎, 𝒄, and 𝒌 are the mass, damping, and stiffness matrices of the system. These
matrices are symmetric and are defined in Equation (8-13) to (8-20). 𝒔 is the influence vector and
is described in Equation (8-12) (Crouse & McGuire, 2001).
1
𝒔 = {0}
0
𝒎=[

(8-12)
𝒎𝒇

𝒎𝒇−𝒔
𝑻

𝒎𝒇−𝒔
𝒎𝒔
𝑚𝑓 + 𝑚𝑠
𝒎𝒇 = [
𝑚𝑓 ℎ𝑓 + 𝑚𝑠 𝐻
𝑚𝑠
𝒎𝒇−𝒔 = [𝑚 𝐻 ]
𝑠
𝒎 𝒔 = 𝑚𝑠
𝒄𝒇
𝒄=[
𝟎

]

(8-13)
𝑚𝑓 ℎ𝑓 + 𝑚𝑠 𝐻
𝐼𝑓 + 𝑚𝑓 ℎ𝑓 2 + 𝐼𝑠 + 𝑚𝑠 𝐻 2

]

(8-15)
(8-16)

𝟎
]
𝒄𝒔

(8-17)

𝒄𝒔 = 2𝜉𝑠 √𝑘𝑠 𝑚𝑠
𝒌𝒇
𝒌=[
𝟎
𝒌𝒔 = 𝑘𝑠

(8-14)

(8-18)

𝟎
]
𝒌𝒔

(8-19)
(8-20)
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where 𝑚𝑓 and 𝑚𝑠 are the mass of the foundation and the lumped mas of the structure, respectably;
𝐼𝑓 is the mass moment of inertial of the foundation; 𝐼𝑠 is the mass moment of inertial of the lumped
mass; ℎ𝑓 is the half of the foundation height; ℎ𝑠 is the height of the lumped mass above the top of
the foundation; 𝐻 equals 2ℎ𝑓 + ℎ𝑠 ; 𝜉𝑠 is the damping ratio of the structure; and 𝑘𝑠 is the spring
stiffness of the structure (Crouse & McGuire, 2001).
The equation of motion, (8-10), can be rewritten in the frequency domain by assuming the initial
conditions on 𝒖, 𝒖̇ , 𝑢𝑔 , and 𝑢̇ 𝑔 as zero (Crouse & McGuire, 2001)
[−𝜔2 𝒎 + 𝑖𝜔𝒄 + 𝒌]𝒖
̂ = 𝜔2 𝑢̂𝑔 𝒎𝒔

(8-21)
The Equation of motion in the frequency domain, Equation (8-21), can be reduced to Equation
(8-23) by defining matrix 𝑨 as (Crouse & McGuire, 2001)
𝑨 = [−𝜔2 𝒎 + 𝑖𝜔𝒄 + 𝒌]

(8-22)

2

̂ = 𝜔 𝑢̂𝑔 𝒎𝒔
𝑨𝒖

(8-23)
The displacement vector of the system in the frequency domain, shown in Equation(8-24), can be
calculated by solving Equation (8-23) (Crouse & McGuire, 2001).
̂ = 𝜔2 𝑢̂𝑔 𝑨−𝟏 𝒎𝒔
𝒖

(8-24)
As discussed in Chapter 2, Section 2.7, transfer functions can be defined as a ratio of the Fourier
transform between two motions. Crouse and McGuire (2001) defined transfer functions between
̂ 𝜶 , to the free field motion according to Equation
the various components of the response motions, 𝒖
(8-25).
𝑻=

̂𝜶
𝒖
𝑢̂𝑔

(8-25)
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𝑢𝑥
𝜃𝑦
𝑢𝑠
̂𝜶 =
𝒖
(8-26)
𝑢𝑔 + 𝑢𝑥
{𝑢𝑔 + 𝑢𝑥 + 𝐻𝜃𝑦 + 𝑢𝑠 }
̂ 𝜶 , can be rewritten based on the displacement vector of the system, 𝒖
̂ , and
The response vector, 𝒖
the free-field motion, 𝑢̂𝑔 , as (Crouse & McGuire, 2001)
̂ 𝜶 = 𝑢̂𝑔 𝒈 + 𝑮𝒖
̂
𝒖

(8-27)
0
0
𝒈= 0
(8-28)
1
{1}
1 0 0
0 1 0
𝑮= 0 0 1
(8-29)
1 0 0
[1 𝐻 1]
Equation (8-27) can be rewritten by placing the displacement vector, shown in Equation (8-24), as
(Crouse & McGuire, 2001)
̂ 𝜶 = 𝑢̂𝑔 𝒈 + 𝑮 𝜔2 𝑢̂𝑔 𝑨−𝟏 𝒎𝒔
𝒖

(8-30)

̂ 𝜶 = 𝑢̂𝑔 [𝒈 + 𝜔2 𝑮𝑨−𝟏 𝒎𝒔 ]
𝒖

(8-31)
The transfer function vector, 𝑻, can be determined by placing Equation (8-31) into Equation (8-25)
as demonstrated in Equation (8-32). Equation (8-32) illustrates that the transfer function vector is
independent of the ground motion, 𝑢𝑔 (Crouse & McGuire, 2001).
𝑻 = 𝒈 + 𝜔2 𝑮𝑨−𝟏 𝒎𝒔

(8-32)
In this dissertation, the Equation of motion, Equations (8-10) and (8-21), as well as the transfer
function vector, Equation (8-32), are used to verify the impedance functions, estimated based on
acceleration time histories measured during the centrifuge experiments. The method for estimation
of the impedance functions is explained in the next section.
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8.5. ESTIMATION OF IMPEDANCE FUNCTION BASED ON MEASURED
ACCELERATION TIME HISTORIES
Moslem and Trifunac (1986) developed a procedure to experimentally estimate impedance
functions of a structure based on strong-motion recordings and structural properties. The procedure
was originally developed for a multiple-story structure placed on a compliance base with a
translational and a rocking degree of freedom. In this dissertation, the equations, driven by Moslem
and Trifunac (1986), were modified to model one-story structure placed on a compliance
foundation. Furthermore, notations, used by Moslem and Trifunac (1986), were altered to be
compatible with notations used in this dissertation. The analytical model, developed by (Crouse &
McGuire, 2001), is used in this section. Figure 8-1 demonstrates the model.
Equation (8-4) defines the relationship between the base-shear force and overturning moment at
the foundation level with lateral and rotational motions of the foundation using the lateral and
rocking impedance functions. The equation can be re-written as follows (Moslem & Trifunac,
1986):

{

𝐹̂𝑥 = 𝐾𝑥 (𝜔)𝑢̂𝑥 + 𝐾𝑥−𝜃𝑦 (𝜔)𝜃̂𝑦
̂𝜃 = 𝐾𝜃 −𝑥 (𝜔)𝑢̂𝑥 + 𝐾𝜃 (𝜔)𝜃̂𝑦
𝑀
𝑦
𝑦
𝑦

(8-33)

Moslem and Trifunac (1986) showed that Equation (8-34) represents the base-shear force and the
overturning moments acting at the bottom of the foundation due to the structural vibrations.
𝐹̂𝑥 = 𝜔2 𝑚𝑓 𝑢̂𝑥𝑡 + 𝜔2 𝑚𝑠 𝑢̂𝑠𝑡
{̂
(8-34)
𝑀𝜃𝑦 = 𝜔2 𝐼𝑓 𝜃̂𝑦 + 𝜔2 𝐼𝑠 𝜃̂𝑦 + 𝜔2 𝐻𝑚𝑠 𝑢̂𝑠𝑡 + 𝜔2 ℎ𝑓 𝑚𝑓 𝑢̂𝑥𝑡
where 𝑢̂𝑥𝑡 = 𝑢̂𝑔 + 𝑢̂𝑥 and 𝑢̂𝑠𝑡 = 𝑢̂𝑔 + 𝑢̂𝑥 + 𝑢̂𝑔 + 𝐻𝜃̂𝑦 . It should be noted that these two motions
are specifically defined, because they can be physically measured using an accelerometer. While
𝑢̂𝑥𝑡 represents the lateral component of the foundation motion, and 𝑢̂𝑠𝑡 expresses the lateral
component of the lumped mass motion (Moslem & Trifunac, 1986).
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Substituting Equation (8-33) into Equation (8-34) yields (Moslem & Trifunac, 1986)
𝐾𝑥 (𝜔)𝑢̂𝑥 + 𝐾𝑥−𝜃𝑦 (𝜔)𝜃̂𝑦 = 𝜔2 𝑚𝑓 𝑢̂𝑥𝑡 + 𝜔2 𝑚𝑠 𝑢̂𝑠𝑡
{
𝐾𝜃𝑦 −𝑥 (𝜔)𝑢̂𝑥 + 𝐾𝜃𝑦 (𝜔)𝜃̂𝑦 = 𝜔2 𝐼𝑓 𝜃̂𝑦 + 𝜔2 𝐼𝑠 𝜃̂𝑦 + 𝜔2 𝐻𝑚𝑠 𝑢̂𝑠𝑡 + 𝜔2 ℎ𝑓 𝑚𝑓 𝑢̂𝑥𝑡

(8-35)

According to Equation (8-35), the system of equations, consisting of two equations, should be
solved for four unknowns, which are 𝐾𝑥 , 𝐾𝑥−𝜃𝑦 , 𝐾𝜃𝑦 −𝑥 , and 𝐾𝜃𝑦 . Therefore, the system of
equations does not yield a unique solution to the problem. Moslem and Trifunac (1986) developed
a method to estimate an approximate solution which the lateral and rocking impedance functions
are estimated based on some assumptions. So, they rewrote Equation (8-35) as shown in Equation
(8-36).

𝐾𝑥 (𝜔) (𝑢̂𝑥 +

𝐾𝑥−𝜃𝑦 (𝜔)
𝐾𝑥 (𝜔)

𝜃̂𝑦 ) = 𝜔2 𝑚𝑓 𝑢̂𝑥𝑡 + 𝜔2 𝑚𝑠 𝑢̂𝑠𝑡

𝐾𝜃𝑦 −𝑥 (𝜔)
(8-36)
(𝜔) 𝑢̂𝑥 + 𝜃̂𝑦 ) = 𝜔2 𝐼𝑓 𝜃̂𝑦 + 𝜔2 𝐼𝑠 𝜃̂𝑦 + 𝜔2 𝐻𝑚𝑠 𝑢̂𝑠𝑡 + 𝜔2 ℎ𝑓 𝑚𝑓 𝑢̂𝑥𝑡
𝐾𝜃𝑦 (𝜔) (
𝐾𝜃𝑦 (𝜔)
{
If it is assumed that the ratios of coupling impedance functions to the lateral and rocking impedance
functions,

𝐾𝑥−𝜃𝑦
𝐾𝑥

and

𝐾𝜃𝑦 −𝑥
𝐾𝜃𝑦

, are known, the system of equations, shown in Equation (8-36), can be

solved for the lateral and rocking impedance functions as follow
𝜔2 𝑚𝑓 𝑢̂𝑥𝑡 + 𝜔2 𝑚𝑠 𝑢̂𝑠𝑡
𝐾𝑥−𝜃𝑦 (𝜔)
(𝑢̂𝑥 +
𝜃̂ )
𝐾𝑥 (𝜔) 𝑦
𝜔2 𝐼𝑓 𝜃̂𝑦 + 𝜔2 𝐼𝑠 𝜃̂𝑦 + 𝜔2 𝐻𝑚𝑠 𝑢̂𝑠𝑡 + 𝜔2 ℎ𝑓 𝑚𝑓 𝑢̂𝑥𝑡
𝐾𝜃𝑦 (𝜔) =
𝐾𝜃𝑦 −𝑥 (𝜔)
(𝜔) 𝑢̂𝑥 + 𝜃̂𝑦 )
(
𝐾𝜃𝑦 (𝜔)
{
𝐾𝑥 (𝜔) =

(8-37)

Previous numerical analyses have shown that for a rigid surface foundation on a half-space, the
coupling impedance functions are negligible compared to the lateral and rocking impedance
functions (Veletsos & Wei, 1971; Wong & Luco, 1985; Moslem & Trifunac, 1986). Therefore,
the

𝐾𝑥−𝜃𝑦
𝐾𝑥

and

𝐾𝜃𝑦−𝑥
𝐾𝜃𝑦

ratios are about zero; hence, Equation (8-37) can be reduced to (8-38).
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𝜔2 𝑚𝑓 𝑢̂𝑥𝑡 + 𝜔2 𝑚𝑠 𝑢̂𝑠𝑡
𝐾𝑥 (𝜔) ≅
(𝑢̂𝑥 )
2 ̂
2 ̂
𝜔 𝐼𝑓 𝜃𝑦 + 𝜔 𝐼𝑠 𝜃𝑦 + 𝜔2 𝐻𝑚𝑠 𝑢̂𝑠𝑡 + 𝜔2 ℎ𝑓 𝑚𝑓 𝑢̂𝑥𝑡
𝐾𝜃𝑦 (𝜔) ≅
(𝜃̂𝑦 )
{

(8-38)

In this dissertation, Equation (8-38) is used to estimate the lateral and rocking impedance
functions.
It should be noted that Equation (8-37) can also be approximately solved by estimating the
and

𝐾𝜃𝑦 −𝑥
𝐾𝜃𝑦

𝐾𝑥−𝜃𝑦
𝐾𝑥

ratios from a numerical analyses; however, the approach is not discussed in this section,

since it was not used in this research.
8.6. SUMMARY
Inertial interaction, its effects on the dynamic behavior of a structure situated a soil layer, and the
concept of the foundation impedance functions were introduced in this chapter. Then, procedures
used in this dissertation to compute the foundation impedance function based on motions recorded
at various locations of a structure along with the free field motion were explained in detail in this
chapter.
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APPENDIX, CHAPTER 9

9. CENTRIFUGE TESTS TO EVALUATE DYNAMIC
IMPEDANCE FUNCTIONS OF A SQUARE SURFACE
FOUNDATION

9.1. ABSTRACT
The lateral and rocking impedance functions of a structure with a mat foundation of 3.5-m width
under earthquake motions were determined by conducting dynamic centrifuge experiments. A
physical model, representing the structure at 50-g centripetal acceleration, was placed on a layer
of dry soil and was excited with four different intensity of a historical earthquake. Compared to
the lateral and rocking theoretical impedance functions for the massless circular foundation on the
surface of an elastic half-space soil layer, the experimental foundation stiffness values are lower,
while the experimental foundation dashpot coefficients are larger. Results from different seismic
events reveal that as the maximum soil shear strain increases, the lateral and rocking foundation
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stiffness decrease, while the lateral dashpot coefficient increases. Furthermore, no general trend of
increase or decrease was observed for the rocking dashpot coefficient.1
9.2. INTRODUCTION
In substructure approaches, performed to evaluate SSI effects, inertial interaction is impacted by
foundation impedance functions. Impedance functions describe the stiffness and damping of the
soil beneath a foundation. The majority of the previous researches on foundation impedance
functions are based on analytical and numerical analyses (Veletsos & Wei, 1971; Apsel & Luco,
1987), and experimental studies on this subject are limited.
Furthermore, most of these experimental studies were performed by conducting forced foundation
vibration tests (Lin & Jennings, 1984; Crouse et al., 1985; Wong et al., 1988; Crouse et al., 1990b).
Although these experiments provided valuable information about the impedance functions, forced
vibration may not adequately represent the response to earthquake excitations (Lin & Jennings,
1984). A minimal number of experimental research assessed impedance functions for foundations
under seismic motions (Moslem & Trifunac, 1986; Kim, 2001). Two main challenges should be
addressed for estimating the foundation impedance functions during an earthquake event. First,
response time histories of the structure and FFM should be recorded, and the motions should be
synchronized to decrease undesirable time lags between motions. Second, the difference between
FFM and FM should be evaluated. Commonly, amplitudes of these motions are relatively low; as
a result, the motion may have a low signal-to-noise ratio (Kim, 2001). In this research, these
challenges are met by conducting centrifuge modeling. An array of accelerometers measured

1

A conference paper has been written based on the results presented in this chapter. The paper, (Borghei
& Ghayoomi, 2019), was accepted to be published in the proceedings of the 7th international conference
on Earthquake Geotechnical Engr., Rome, Italy. The paper was also orally presented at the conference.
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structural motions and FFM. The accelerometers were connected to a single data acquisition
system To remove the undesirable lag between the measured motions. Moreover, the difference
between FFMs and FMs, measured during the dynamic experiment, have a sufficient signal-tonoise ratio to evaluate the impedance functions.
This chapter focuses on preliminary results of a set of centrifuge tests to experimentally estimate
lateral and rocking impedance functions of a target structure with a mat foundation placed on the
surface of a sandy soil during a suite of earthquake motions. A Single-Degree of Freedom (SDOF)
physical model, representing the target structure, was placed on a layer of dry sand within a laminar
container. The response of the system under a suite of ground motions was analyzed to estimate
the foundation impedance functions. The experimental functions were also compared with
theoretical impedance functions available in the literature.
9.3. BACKGROUND
Chapter 8 explains foundation impedance functions and the method, which is implemented in this
chapter to estimate them based on motions measured at the free filed and in an instrumented
structure.
9.4. EXPERIMENTAL PROGRAM
9.4.1. Geotechnical centrifuge and soil material
Chapter 3, Section 3.2 describes the centrifuge used in this research. The soil material, used in this
chapter, is F-75 silica sand. The soil was prepared in the laminar container with the relative density
and soil dry density of about 62.6%, and 1650.2 kg/m3, respectively. Properties of the soil and the
specimen preparation are provided in Chapter 2, Section 3.4, and 3.5, respectively. Figure 9-1(a)
shows the schematic layout and instrumentations used in the centrifuge experiment.
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The average small-strain shear wave velocity of the soil in the free field and beneath the structure,
from the soil surface to the depth equal to the foundation half-width, were estimated at 127 and
254 m/s, respectively; according to the method described in Chapter 4, Section 4.4.2.

Figure 9-1. (a) Schematic and instrumentation layout of the centrifuge experiment; (b) photograph of the
structure physical model.

9.4.2. Design of the physical model
Chapter 3, Section 3.10.1 describes the prototype structure, studied in this chapter; then, Chapter
3, Section 3.10.3 explains the design and construction of the physical model, representing the
prototype structure. Figure 9-1(b) demonstrates a photograph of the structural model.
9.4.3. Seismic motions
Scaled versions of 1989 Loma Prieta earthquake motion recorded at the Santa Cruz station were
selected as the desired motion. Chapter 3, section 3.11, describes the calibration of the shake table
of the centrifuge for the desired motion with four different intensities. The Base motions (BMs),
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which are motions measured at the bottom of the soil layer, during the four seismic events with
increasing intensities are called SCZ1, SCZ2, SCZ3, and SCZ4. The ground motion characteristics
of BMs are tabulated in the prototype scale in Table 9-1. According to the table, while Peak Ground
Acceleration (PGA) and Arias intensity of the motions were significantly increased, the mean
period of the motions was approximately constant between the events. Therefore, the frequency
content of the motions was approximately similar to each other, although the intensities were
significantly different.
9.5. RESULT AND DISCUSSION
The lateral flexible-base natural frequency, 𝑓̃𝐿 , of the physical model under SCZ1 was determined
by calculating a transfer function between the lateral motion measured at the oscillator mass, called
Structure Horizontal motion (SHM) and the lateral component of FM, as shown in Figure 9-2(a).
Furthermore, the rocking flexible-base natural frequency, 𝑓̃𝑅 , was also estimated using a transfer
function between Foundation Rocking motion (FRM) and FM, as demonstrated in Figure 9-2(b).
FRM is the product of the foundation half-width and a rocking acceleration time history, estimated
as the difference between the two vertical acceleration recordings on the opposite sides of the
model divided by the distance between the accelerometers. Flexible-base natural frequencies of
the model during the four seismic events are tabulated in Table 9-1. According to the table, as the
intensity of the motion increases, the flexible-base natural frequencies of the structure decreases,
as expected. The period lengthening, 𝑇̃/𝑇, which is the ratio of the lateral flexible base period of
the structure, 𝑇̃ to the fixed base period of the structure, T, was also calculated and shown in Table
9-1.
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Table 9-1. Ground motion characteristics of BMs and flexible-base natural frequencies of the system, during
the seismic events. Results are presented in the prototype scale.

Event
ID

Order

Ground motion Characteristics
of BM

Flexible-base natural frequency and
period lengthening

PGA
(g)

Ia (m/s)

Tm (s)

𝑓̃𝐿 (𝐻𝑧)

𝑓̃𝑅 (𝐻𝑧)

𝑇̃⁄
𝑇

SCZ1

1

0.09

0.10

0.23

2.44

2.44

1.38

SCZ2

2

0.23

1.01

0.24

2.25

2.22

1.50

SCZ3

3

0.30

1.53

0.26

2.30

2.30

1.46

SCZ4

4

0.40

3.70

0.26

2.00

2.00

1.68

Definitions of the ground motion parameters are provided in Chapter 2, Section 2.12.

Figure 9-2. The transfer function of the physical model, when excited by the SCZ1: (a) structure transfer
function; (b) foundation rocking transfer function.

The theoretical impedance functions were calculated based on the model by Veletsos & Wei (1971)
for the lateral and rocking impedance functions of a rigid massless circular foundation supported
at the surface of an elastic half-space. The reduction of the shear modulus of the soil with the shear
strain was considered when computing the theoretical impedance functions. To calculate a
representative shear strain time history, the difference between displacement time histories
measured at the soil surface and 6.4 m below the soil surface, see Figure 9-1, was divided by the
distance between the two LVDTs. The maximum shear strain, γmax, was defined as the maximum
absolute value of the shear strain time history. Menq (2003) model, Equation (4-2), was used to
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reduce the average small-strain shear wave velocity of the soil under the structure, 254 m/s,
according to the γmax value. The average strain-reduced shear wave velocity of the soil below the
foundation, Vs, was computed as 101 m/s when the system was excited by SCZ1 motion.
Figure 9-3 compares the theoretical and experimental impedance functions when the structure was
excited with SCZ1 motion. The physical model mainly vibrates around its flexible-base natural
frequencies; therefore, amplitudes of the structural motions for frequencies far from the flexiblebase natural frequencies are relatively small, compared to amplitudes of the structural motions
around the flexible-base natural frequency. Consequently, coherence of the experimental
impedance functions is relatively low for frequencies far from the flexible-base natural frequency,
as shown in Figure 9-3(c) and (f). Hence, the estimated impedance functions are not reliable for
these frequencies. In this study, the experimental impedance function values around the flexiblebase natural frequencies with a frequency range of 0.5 Hz and coherence more than 0.8 are
considered as reliable values, where these points are shown with markers in the figure. Figure
9-3(a) and (b) demonstrate that the experimental lateral and rocking stiffness are smaller than the
theoretical ones. However, Figure 9-3(b) and (e) illustrate that the experimental lateral and rocking
dashpot coefficients are larger than the theoretical ones. The observed differences between the
theoretical and experimental impedance functions could be due to: 1) the kinematic interaction is
neglected in the theoretical impedance function; however, the kinematic and inertial interaction
occur simultaneously in the experiment; 2) Veletsos & Wei assumed linear elastic behavior for the
soil. As the lateral and rocking static stiffness, Equation (8-2), were calculated by considering
reduction of shear modulus with shear strain, non-linearity of the soil may affect the lateral and
rocking stiffness coefficients (αu, and αθ, respectively, see Equation (8-2)); 3) although the
radiation damping is considered in the theoretical impedance function, soil damping is neglected.
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the lateral and rocking damping coefficients (βu, and βθ, respectively, see Equation(8-1)) may
increase by considering the soil damping. For frequencies from zero to 4 Hz, the βθ changes from
zero to about 0.047 with an average of 0.022; as a result, the theoretical dashpot coefficient is
significantly smaller than the experimental one, as shown in Figure 9-3(e). It is worth mentioning
that the static dashpot coefficient, kθ rθ/Vs, (see Equation (8-2)) is about 10.6 MN.m.r/rad, which
is still smaller than the experimental dashpot coefficient; and 4) the theoretical impedance function
was developed for semi-infinite soil layer; however the experimental soil layer is relatively thin.
Kausel (1974) showed that the static stiffness values and stiffness and damping coefficients of a
finite soil layer are different from those for a half-space soil layer. Hence, it is planned to compare
the experimental impedance functions with more advanced theoretical impedance functions.

Figure 9-3. Comparison of the experimental impedance function of the physical model with the theoretical
impedance function developed by Veletsos & Wei (1971), when it was excited with SCZ1 motion: (a) lateral
stiffness; (b) lateral dashpot coefficient; (c) coherence of lateral impedance function; (d) rocking stiffness; (e)
rocking dashpot coefficient; (f) coherence of rocking impedance function.

To evaluate the effect of intensity of the seismic motion on the experimental impedance functions,
an average of the reliable impedance functions, shown with markers in Figure 9-3, was calculated.
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Figure 9-4 illustrates the effect of the maximum soil shear strain on the average experimental
impedance functions, also compares them with the average of the theoretical impedance functions
with frequencies from 1.5 Hz to 3 Hz. Figure 9-4(a) and (c) demonstrate that as the maximum
shear strain in the soil increases, the experimental lateral and rocking stiffness generally decrease,
with the same trend as the theoretical lateral and rocking stiffness. This behavior was expected,
since as the shear strain increases the shear modulus of the soil decreases. Although it was
predicted that the average lateral stiffness, 𝑘̅𝑢 , for the SCZ4 motion would be smaller than that of
the SCZ3 motion, the experimental results showed that the 𝑘̅𝑢 value for the SCZ4 motion was
slightly (13%) larger than the value for the SCZ3 motion. The main reason for the observed
discrepancy is that the relative density of the soil increased due to the seismically induced
settlement of the soil. As a result, the small-strain shear modulus of the soil increases, after each
motion was applied to the system. More dynamic centrifuge experiments are planned to further
investigate the observed trend. Figure 9-4(b) demonstrates that as the maximum shear strain
increases, the experimental lateral dashpot coefficient increases. This behavior is also expected
since the damping of the soil tends to increase by increasing the shear strain. The figure also
illustrates that the trend for the lateral theoretical dashpot coefficient is different from the trend for
the experimental values. The main reason is that the soil material damping is neglected in the
theoretical impedance functions, and only the foundation radiation damping is considered in the
theoretical impedance function, as previously mentioned. It was expected that the experimental
rocking dashpot coefficient also increases by increasing the maximum shear strain, however, it
does not follow the expected behavior, as shown in Figure 9-4(d). The change of the relative
density of the soil could be one of the reasons for the discrepancy. Furthermore, the figure
demonstrates that the experimental rocking dashpot coefficient values are significantly larger than
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the theoretical values, for the aforementioned reason. More experiments are planned to elaborate
on this behavior.

Figure 9-4. Effect of maximum shear strain of the soil during different seismic events on the average impedance
functions and the theoretical impedance functions, developed by Veletsos & Wei (1971): (a) lateral stiffness;
(b) lateral dashpot coefficient; (c) rocking stiffness; (d) rocking dashpot coefficient.

9.6. CONCLUSION
The lateral and rocking impedance functions of a model structure with a surface mat foundation
with a width of 3.5 m during earthquake events were experimentally evaluated by conducting a set
of dynamic centrifuge experiments. The experimental impedance functions of a square mat
foundation were compared with the theoretical impedance functions for a massless circular
foundation on the surface of a half-space elastic soil layer. While the experiment lateral and
rocking stiffness were smaller than the theoretical ones, the experimental lateral and rocking,
dashpot coefficients were larger. Results of the four seismic events demonstrate that as the
maximum shear strain in soil increases, the lateral and rocking foundation stiffness decreases.
However, the lateral dashpot coefficient increases, and the rocking dashpot coefficient does not
show any significant trend.
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APPENDIX, CHAPTER 10

10. EXPERIMENTAL ASSESSMENT OF TWO-STAGE
SCALING METHOD IN PHYSICAL MODELING OF SOILFOUNDATION-STRUCTURE SYSTEMS

10.1. ABSTRACT
Maximum achievable g-level, payload capacity, and in-flight shake table limits, in current
centrifuges, restrain the ability to perform dynamic experiments for assessing Soil-FoundationStructure Interaction (SFSI) effects in large prototype structures. The “two-stage scaling method”
is an alternative solution to address this problem for experiments in a lower centripetal field or
smaller centrifuges. Two structural physical models, representing a target structure, were designed
for 50 and 25 g according to the conventional centrifuge scaling factors and the scaling factors of
the two-stage method. A suite of earthquake motions was applied on specimens of dry sand layers
in different orders, and different SFSI response mechanisms were compared. Site response with
respect to peak acceleration amplification, changes of the mean period, and soil settlement and
SFSI evaluation based on kinematic interaction, flexible-base natural period, and soil impedance
function, all showed relatively good agreement between the two modeling methods. However, the
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extent to which the two methods agreed depend on the criteria for SFSI evaluation and the
acceptable precision level. 1
10.2. INTRODUCTION
In dynamic centrifuge experiments, servo-hydraulic actuators are commonly used to simulate
earthquake motions. Several factors limit the amplitude and frequency of the motions generated
by these actuators. The motion amplitude is the product of combined effects of parameters such as
payload mass, flow capacity, and performance of servo-valves, volume as well as pressure of
hydraulic accumulators, pipes and tubes, and performance of hydraulic pump (Scott, 1994).
Furthermore, as the frequency of motion increases, the amplitude of the generated motion
decreases, given the same input. Because dynamic centrifuge experiments are conventionally
performed at scaling factors ranging from 10 to 100 and because overhead space available on
centrifuge platforms are finite, researchers are bound to limited model sizes that can be fit inside
the centrifuge and be successfully tested in high frequency (Iai et al., 2005).
Centrifuge modeling has also been used in engineering practice to simulate real geotechnical
systems(Craig, 1984). There is an increasing interest among engineers to use the performancebased design for large structures, which raised the demand from industry to conduct physical
model tests of large prototype systems, that often requires scaling factors ranging from 100 to 1000
(Iai et al., 2005). Two main approaches are available to address this need. The first solution is to
build larger centrifuge facilities with higher payload capacities; however, constructing and

A journal paper and a conference paper have been written based on the results, presented in this chapter.
The journal paper is currently under review. The conference paper, (Borghei and Ghayoomi 2018), was
accepted and was published in the proceeding of the 9th International Conference on Physical Modelling
in Geotechnics, conference in London, UK.
1
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conducting experiments in such facilities, even if possible, would be relatively expensive. The
second solution is to develop new scaling protocols that enable currently available centrifuge
facilities to be used for studying larger prototypes. Iai et al. (2005) theoretically developed a “twostage scaling” method, based on “generalized scaling laws,” by combing scaling laws of 1-g and
centrifuge modeling. Such a combined model would eliminate the need for larger centrifuges,
acknowledging the challenges and assumptions involved in modeling and data interpretation of 1g soil systems.
This chapter presents the result of a set of centrifuge experiments to experimentally evaluate the
capability of the abovementioned method for studying SFSI analysis of a Single-Degree of
Freedom (SDOF) structural system placed on a dry sand layer. The “modeling of models”
approach, introduced by Schofield (1980), was used in this chapter for the evaluation of the
performance of the method. According to this principle, different physical models of a prototype
should have an identical response in the prototype scale. A target prototype structure with a shallow
raft foundation was selected, and two SDOF physical models were constructed and tested under
two different centrifugal acceleration of 25 and 50 g. The first model was designed according to
the conventional centrifuge scaling factors for 50 g centripetal acceleration, called Conventional
Centrifuge Model (CCM), while the second physical model was designed and tested using the twostage scaling method for 25 g centripetal acceleration, named Two-stage Centrifuge Model (TCM).
The physical models, placed on soil specimens, were spun in a geotechnical centrifuge to achieve
the target centripetal accelerations at the elevation of the soil surface. Then a suite of earthquake
ground motions, covering a wide range of motion characteristics, was applied to the systems. Soil
settlement, site response, transfer functions of kinematic interaction, flexible base natural
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frequencies, and impedance functions for the CCM and TCM experiment were compared, and the
performance of the two-stage scaling method is evaluated.
10.3. BACKGROUND
10.3.1. Two-stage scaling factors
Scaling factor in physical modeling is defined as the ratio of the prototype to model the values of
a certain parameter. Traditionally, if scaling factors for length (λ), density (λρ), strain (λε), and
acceleration of gravity or centrifugal acceleration (λg) are taken as independent factors, other
scaling factor parameters can be found based on the similitude laws through dimensional analysis,
as shown in the second column in Table 10-1 (Iai, 1989). The centrifuge scaling factors have been
extensively discussed in the literature and can be derived from the generalized scaling factors. If
the model acceleration is scaled up (λg=1/η) inversely proportional to the length scaling factor
(λ=η) and if the soil density is kept constant between the model and the prototype (λρ=1), the strain
scaling factor would be unity (λε=1). A list of key scaling factors for centrifuge modeling is
presented in the fourth column in Table 10-1; similar to the ones suggested in the literature (Iai et
al., 2005; Garnier et al., 2007).
In 1-g tests, the acceleration is not scaled (λg=1), while soil density can either be kept constant
between the model and the prototype (λρ=1) or be scaled (Wood, 2004). Given a length scaling
factor (λ=μ), Iai (1989) showed that the strain scaling factor (λε) generally equals μ[(Vs)m/(Vs)p]2
where (Vs)m and (Vs)p are the soil shear wave velocity in the model and the prototype, respectively.
In sandy soils, the shear modulus is proportional to the square root of the confining pressure, when
λρ is kept unity, λε equals μ1/2. The rest of the scaling factors for the 1-g test based on this
assumption are listed in the third column in Table 10-1 (Wood, 2004; Iai et al., 2005; Towhata,
2008).
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The two-stage scaling method was introduced by combing the scaling factors for 1-g and
centrifuge model tests through two stages. First, the prototype is scaled down in size to an
intermediate virtual model based on the scaling factors for the 1-g model. Then, the intermediate
virtual model will be further scaled-down in dimension to the final physical model according to
the centrifuge scaling factors, resulting in a combined length scaling factor of λ=μη (Iai et al.,
2005). Due to the limitations and assumptions in shake table experiments, Iai et al. (2005)
suggested selecting the maximum possible value for η based on the capacity of the in-flight shake
table actuator. In summary, the scaling factors for the two-stage scaling method are shown in the
fifth column in Table 10-1.
Table 10-1. Scaling factors of the two-stage scaling method (Iai et al., 2005).

Quantity

Length
Density
Strain
Acceleration
Time
(dynamic)
Frequency
Displacement
Velocity
Stress
Stiffness
Axial Force

Generalized
scale factors
(Prototype/
physical model)
λ
λρ
λε
λg
(λλε/λg)
(λλε/λg)-1/2
λλε
(λλελg)1/2
λλρλg
λλρλg/λε
λ3λρλg

Two-stage scaling method
Partitioned scaling factors
Two-stage scaling
1-g tests
Centrifuge tests factors (prototype/
physical model)
(prototype/
(virtual model/
virtual model) physical model)
μ
η
μη
1
1
1
1/2
μ
1
μ1/2
1
1/η
1/η
μ3/4
η
μ3/4η
μ-3/4
μ3/2
μ3/4
μ
μ1/2
μ3

1/η
η
1
1
1
η2

μ-3/4/η
μ3/2η
μ3/4
μ
μ1/2
μ3 η2

10.3.2. Soil-foundation-structure interaction
Chapter 2, Section 2.2 introduces Soil-Foundation-Structure Interaction (SFSI) and mechanisms
causing it; furthermore, terms used in SFSI analysis are defined in Chapter 2, Section 2.3.
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Estimating transfer functions of measured acceleration time histories is essential to kinematic and
inertial interaction analyses. The method used in this chapter to estimate transfer functions is
explained in Chapter 2, Section 2.7.
10.4. EXPERIMENTAL PROCEDURES
10.4.1. Geotechnical centrifuge
Chapter 3, Section 3.2 describes the geotechnical centrifuge facility used in this research.
10.4.2. Design of physical models
Chapter 3, Section 3.10.1 the prototype structure considered in this study.
The target prototype system was then modeled using two SDOF mass-foundation physical model
systems where the foundation width, bearing pressure, fundamental natural frequency, and
structural-to-foundation mass ratio were considered in the design. Given the limited overhead
space above the laminar container and the height of the structural physical models, a model soil
layer with 19.1 cm depth at λ=50, representing a 9.55 m deep soil layer in the prototype scale, was
prepared in the laminar container. The two structural physical models were designed based on
CCM and TCM scaling factors, presented in Table 10-2; spun at 50 and 25 g, respectively.
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Table 10-2. Scaling factors used for the design of the Convectional Centrifuge Model (CCM) and the Two-stage
Centrifuge Model (TCM) in this study.

Quantity

Length
Density
Strain
Acceleration
Time
Frequency
Displacement
Velocity
Stress
Stiffness
Axial force

CCM

50
1
1
0.020
50
0.020
50
1
1
1
2500

TCM
Partitioned
Virtual 1-g field
Centrifugal field
μ=2
η=25
2
1
1.414
1
1.682
0.595
2.828
1.682
2
1.414
8

25
1
1
0.040
25
0.040
25
1
1
1
625

Generalized
(μ=2 and η=25)
50
1
1.414
0.040
42.045
0.024
70.711
1.682
2
1.414
5000

The physical models were designed and machined using steel/aluminum components, shown in
Figure 10-1(b). The dimensions for both TCM and CCM models are schematically presented in
Figure 10-1(a). the physical models were tested both numerically and experimentally through
frequency response analysis using Abaqus (Simulia, 2012) and the impact model hammer test,
respectively, to check the natural frequency of the designed systems. The first fixed-based natural
frequencies of CCM and TCM models were measured at 168.3 and 135.9 Hz, respectively, in
model scale. Moreover, their damping ratios were estimated as about 0.32% and 0.85%,
respectively, using the logarithmic decremented method (Chopra, 1995). Properties of the physical
models in prototype scale and SFSI-controlled dimensionless parameters, suggested by Veletsos
and Nair (1975), are compared in Table 10-3, with minimal difference. The columns of the models
were designed to stay elastic during target seismic events. The factor of safety against overturning
and bearing failure was examined to ensure the stability of the physical models during
centrifugation and the target seismic events. Eight accelerometers and eight Linear Variable
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Differential Transformers (LVDTs) were used to record acceleration and displacement time
histories at different locations of the experiments. The instrumentation layout of the experiments
is shown in Figure 10-2.

Figure 10-1. Physical models, CCM and TCM, used in dynamic centrifuge experiments: (a) Photograph of the
models; (b) Schematic drawing of the models. Dimensions are in (mm), in model scale.

Table 10-3. Properties of CCM and TCM on the prototypes scale.

Properties
Foundation width (m)
foundation thickness (m)
Base pressure (kPa)
ffix (Hz)
mf/m
h/req
σsss
γssm

CCM
3.50
0.96
143.39
3.37
0.50
1.51
19.35
1.98

σsss = (Vs)avg/(fh), ratio of structure-to-soil stiffness
(Vs)avg = average shear wave velocity of soil
h = height of structure
m = mass of superstructure
req = Af  , equivalent radius of foundation

TCM
Error percent (%)
3.51
0.27
0.96
0.00
142.58
0.56
3.23
4.15
0.50
0.57
1.51
0.27
20.19
4.33
1.97
0.37
γssm = m/(ρπr2h), ratio of structure-tosoil mass
ffix = fixed-base first natural frequency
of structure
ρ = soil density
mf = mass of foundation
Af = Area of foundation
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Figure 10-2. Centrifuge model instrumentation layout in CCM and TCM experiments. Dimensions of the
structure models vary between the two experiments shown in Figure 10-1.

10.4.3. Soil material
F-75 silica sand is used as the soil material in this chapter. The soil was prepared in the laminar
container with the relative density and dry density of about 62% and 1650 kg/m3, respectively.
While Chapter 2, Section 3.4, provides properties of the soil, Chapter 3, Section 3.5, explains the
method used for the specimen preparation in this chapter.
10.4.4. Seismic motions
The experimental program consists of two experiments for CCM simulations, i.e., Tests ACCM and
BCCM, and two experiments for TCM simulations, i.e., Tests ATCM and BTCM, and one repeatability
check experiment, i.e, Test ACCM R. In each of these experiments, a suite of ground motions was
applied consecutively. A detailed description of each experiment and the sequence of applied
motions are provided in Table 10-4. Tests ACCM and ATCM were intended to investigate the effect
of different earthquake motion characteristics while the five seismic motions were scaled to the
same Peak Ground Acceleration (PGA). Tests BCCM and BTCM, however, were used to investigate
the effect of motion intensity by applying one of the motions, i.e., SCZ motion, with different
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PGAs in sequence. The procedure proposed by Mason et al. (2010) was implemented to calibrate
the shake table for five historic earthquake motions. The scaling factors of the conventional
centrifuge experiment and the two-stage scaling method were used to calibrate seismic motions
for CCM and TCM experiments, respectively.

Table 10-4. A suite of selected ground motions and description of dynamic centrifuge experiments.

No.
1
2
3
4
5
Test
ACCM
ATCM
BCCM
BTCM
ACCM R

Unmodified
Target Event
Northridge
Loma Prieta
Kobe
Chi-Chi
Landers

Event ID
WPI
SCZ
TAK
TCU
JOS

Year
Mw
Station Name
1994
6.69
Newhall W Pico Canyon
1989
6.96
Santa Cruz
1995
6.90
Takatori
1999
7.62
TCU
1992
7.28
Joshua tree
Order of applied Motions
3
4
5

1

2

WPI01 CCM
WPI01 TCM
SCZ01 B CCM
SCZ01 B TCM
WPI01 CCM

SCZ01 A CCM
SCZ01 A TCM
SCZ02 CCM
SCZ02 TCM
SCZ01 A CCM

TAK01 CCM
TAK01 TCM
SCZ03 CCM
SCZ03 TCM
TAK01 CCM

TCU01 CCM
TCU01 TCM
SCZ04 CCM
SCZ04 TCM
TCU01 CCM

JOS01 CCM
JOS01 TCM

JOS01 CCM

Subscripts CCM and TCM stand for the Conventional Centrifuge Model and the Two-stage
Centrifuge Model, respectively.
Subscript R stands for a repeatability test.
Subscripts 01, 02, 03, 04 approximately indicate the PGA of the motion as 0.1, 0.2, 0.3, 0.4 g,
respectively.
In the CCM (TCM) experiments, the motion SCZ01 A CCM (SCZ01 A TCM) and SCZ01 B CCM
(SCZ01 B TCM) are the same motion. However, the first one was applied as the second motion in
Test A, and the second one was applied as the first motion in Test B.
The ground motion parameters, defined in Chapter 2, Section 2.12, of the Base Motions (BM)
measured at the bottom of the soil layer for the five different motions, scaled down to about 0.1 g
in Tests ACCM and ATCM, and for the four different scaled SCZ motions with PGAs of about 0.1,
0.2, 0.3, and 0.4 g, in Tests BCCM and BTCM are compared in Figure 10-3. To quantify the
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comparison, the average percentage error, δ, determined as an average of the percentage error
between values measured in CCM experiments and corresponding values in the TCM experiments,
is also shown in the figure. The generated motions at the base were in reasonable agreement
between CCM and TCM experiments for most motion characteristics, given the complex
performance of hydraulic actuators in high-g. However, the Arias intensities in Test BCCM are
considerably larger than those generated in Test BTCM; meaning that the shake table applied more
energy to the system in Test BCCM in comparison with Test BTCM. In addition, the repeatability of
achieved BMs in Test ACCM is evaluated in Test ACCM R, where the comparison is shown in Figure
10-4. The in-flight shake table produced approximately repeatable motions in the two experiments.

Figure 10-3. Comparison of achieved Base Motions (BM) in CCM and TCM centrifuge experiments: (a) Peak
Ground Acceleration; (b) Arias intensity; (c) Housner intensity; (d) Mean period.
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Figure 10-4. Repeatability of achieved BMs in Tests ACCM and ACCM R: (a) Peak Ground Acceleration; (b) Arias
intensity; (c) Housner intensity; (d) Mean period.

10.5. RESULTS AND DISCUSSION
The dynamic centrifuge experiments performed using CCM, and TCM approaches are compared
by looking at the site response, kinematic interaction, and inertial interaction. All presented values
are in prototype scale unless stated otherwise.
10.5.1. Site response
In this study, accelerations and displacements measured at the soil surface far from the structure
were considered as the FFM; also, the variation of centripetal acceleration through the specimens
was neglected for analyzing data. The ground motion parameters of achieved FFMs in CCM and
TCM are compared in Figure 10-5. According to the figure, the ground motion parameters, except
the Arias intensity of the motions in Tests BCCM and BTCM, showed acceptable agreement. By
comparing Figure 10-3(d) and Figure 10-5(d), it can be seen that in tests with BM mean periods
more than the fundamental natural period of the soil layer, i.e., about 0.3 seconds, FFM mean
periods were lower than those of BMs. However, when BM mean periods were less than 0.3
seconds, FFM the mean periods were higher than those of BMs. PGA and Arias intensity
amplification factors, calculated as the ratio of the motions measured at the soil surface far from
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the structure and the base, are shown in Figure 10-6. According to the figure, δ for the PGA
amplification factors is smaller than δ for the Arias intensity amplification factors, which is
consistent with the comparisons in Figure 10-3 and Figure 10-5.

Figure 10-5. Comparison of measured free-field motions (FFMs) in CCM and TCM centrifuge experiments:
(a) Peak Ground Acceleration; (b) Arias intensity; (c) Housner intensity; (d) Mean period.

Figure 10-6. Ground motion amplification factors in CCM and TCM experiments: (a) PGA amplification; (b)
Arias intensity amplification.

Free-field surface settlement (ΔFF) and structure settlement (Δs) due to the applied suite of ground
motions in CCM and TCM experiments are compared in Figure 10-7. Comparing Figure 10-3 and
Figure 10-7, it can be seen that soil settlements in both experiments were sensitive to Arias
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intensity. When Arias intensities of the two corresponding BMs in CCM and TCM experiments
were close, better agreements were observed in soil settlement. Arias intensities of motions, shown
inside the ellipses in Figure 10-7, were larger in CCM experiment compared to TCM experiment;
thus, higher free-field and structure settlements were recorded in CCM experiments compared with
those in TCM experiments. This pattern is similar to what has been previously reported by Tobita
et al. (2012) for free-field soil layers.

Figure 10-7. Comparison of soil settlement in CCM and TCM experiments: (a) Settlement of soil in the freefield; (b) Settlement of soil under the structure.

Accumulated soil settlements after application of the consecutive seismic motions in each of the
tests are shown in Figure 10-8(a). The figure illustrates that in both experiments, accumulative
structure settlements were more than accumulative free filed settlement, as expected. the relative
soil density was estimated after each excitation in the free-field by assuming an average change of
soil density in-depth,; shown in Figure 10-8(b). According to the figure, the relative density of the
soil layer in the free-field did not increase significantly throughout the seismic motions. Therefore,
the small-strain shear modulus of the soil was approximately constant between the seismic events.
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Figure 10-8. Comparison of accumulative soil settlement measured in free-field (FF) and under the structure
(S) due to consecutive seismic motions: (a) Permanent surface settlement; (b) Soil relative density, Dr, estimated
in free-field.

10.5.2. Kinematic interaction
Chapter 2, Section 2.5, introduces kinematic interaction and mechanics causing it. The section also
explains analytical transfer functions, developed by Veletsos et al. (1997), for rectangular surface
foundations, placed on a half-space soil. The method explained in Chapter 2, Section 2.7, was used
to estimate experimental transfer functions between the foundation motions and the free field
motions. Then, the procedure, introduced in Chapter 4, Section 4.5.4, was used to match the
experimental transfer function with the analytical transfer functions to estimate the lateral and
rocking incoherence parameter.
The capability of the two-stage scaling in capturing kinematic interaction is evaluated by
comparing transfer functions and regression analysis results of CCM and TCM experiments. An
example comparison of the estimated lateral transfer function for CCM and TCM experiments,
when they were excited with TCU01 Motion, is shown in Figure 10-9(a). The high coherency data
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points are marked, and the theoretical best match curves are also shown for each test. The two
transfer functions had similar trends in most frequencies. However, transfer function amplitudes
in CCM were smaller than amplitudes in TCM. Regression analyses showed that, for this specific
motion, the lateral incoherence parameter, κL, in CCM and TCM experiments were about 3.96 and
2.94, respectively. The rocking transfer functions of the two physical models are shown in Figure
10-9(b), with a similar trend. However, compared with the lateral motion, amplitudes of the
regression analysis-based transfer functions were closer to each other in the case of the rocking
motion. The rocking incoherence parameters, κR, were estimated at 5.71 and 6.26 for CCM and
TCM, respectively.

Figure 10-9. Transfer functions of two physical models, excited with TCU01 motion: (a) Transfer function of
lateral component of FM to FFM; (b) transfer function of rocking component of FRM to FFM.

After running the process discussed above for all the tests, the estimated incoherence parameters
for all motions are compared for CCM and TCM experiments in Figure 10-10. By comparing δ
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values estimated for the lateral and rocking incoherence parameters, it can be illustrated that κR
values were, for most cases, closer to the 1-to-1 lines, compared with κL values. Also, it can be
seen that κR values were larger than κL values. Generally, the incoherence parameters were in a
relatively good agreement between CCM and TCM experiments. This implied similar amplitudes
in lateral and rocking transfer functions of the experiments in most frequencies. Furthermore, the
results showed that the performance of the two-stage scaling method is better for estimating the
rocking incoherence parameter compared with the lateral incoherence parameter. As shown in
Figure 10-10(a), κL value corresponding to SCZ01, B motion was closer to the 1-to-1 line, compared
with the one corresponding to SCZ01, A motion. SCZ01, A motion was applied as the second motion
in Tests ACCM and ATCM; however, SCZ01, B motion was applied as the first motion in Tests BCCM
and TCCM, as described in Table 10-4. Thus, this difference between κL values could be due to the
soil settlement and/or the change of contact surface between the foundation and the soil.

Figure 10-10. Estimated incoherence parameters of CCM and TCM experiments: (a) Lateral transfer function;
(b) Rocking transfer function.
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10.5.3. Inertial interaction
10.5.3.1.

Flexible-base natural frequencies

The lateral flexible-base natural frequency,𝑓̃𝐿 , of the physical models was estimated by calculating
a transfer function between the lateral motion measured at the oscillator mass, called Structural
Horizontal Motion (SHM), and the lateral component of FM. Moreover, the rocking flexible-base
natural frequency, 𝑓̃𝑅 , of the models was also determined using a transfer function between FRM
and the lateral component of FM. As an example, Figure 10-11(a) and (b) show the SHM/FM and
FRM/FM transfer functions for CCM and TCM experiments when TAK01 motion was applied. 𝑓̃𝐿
in CCM and TCM testes were 2.3 Hz and 2.2 Hz, respectively, while 𝑓̃𝑅 values were 2.3 Hz and
2.2 Hz, respectively. The period lengthening ratio, 𝑇̃⁄𝑇, which is the ratio of the lateral flexiblebase natural period of a structure, 𝑇̃, to its lateral fixed-base natural period,𝑇 , was calculated about
1.47, for both CCM and TCM tests under this motion.

Figure 10-11. Transfer functions of the two physical models, when excited by the TAK01: (a) Structure
translational transfer function; (b) Foundation rocking transfer function.
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The lateral and rocking flexible-base natural frequencies and the period lengthening ratios of the
physical models during CCM and TCM experiments are compared in Figure 10-12. By comparing
Figure 10-3 and Figure 10-12, it can be seen that as Arias intensity of BM increases, the flexiblebase natural frequencies estimated from CCM and TCM experiments decreases, as expected.
However, a good general agreement exists between CCM and TCM experiment results.

Figure 10-12. Comparison of flexible-base natural frequencies during CCM and TCM experiments: (a) lateral
flexible-base natural frequencies; (b) flexible-base rocking natural frequencies; (c) period lengthening ratios.

10.5.3.2.

Impedance functions

Chapter 8 introduces foundation impedance functions, and the methods used in this chapter to
estimate the functions base on motions measured at the free filed and in an instrumented structure.
Example impedance functions when the models were excited with TCU01 motion are shown in
Figure 10-13. Figure 10-13(c) and (f) show that the lateral and rocking coherence of dynamic
impedance functions were relatively steady and had values more than 0.8 around the flexible-base
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natural frequencies. However, they decreased considerably for frequencies far from the flexiblebase natural frequencies. In this study, dynamic impedance functions in frequencies around the
flexible-base natural frequencies of the physical models with a range of 0.5 Hz with coherence
more than 0.8 were considered as reliable values. These values are shown with markers in Figure
10-13. An average of these values was used to compare the results among the experiments, as
shown in Figure 10-14. The experiment excited with SCZ04 TCM motion resulted in the coherence
values of generally lower than 0.8; therefore, the average lateral impedance functions of this
motion was not shown in Figure 10-14.

Figure 10-13. Dynamic impedance functions of the two physical models, when excited with TCU01 motion:
(a) Lateral stiffness; (b) Lateral dashpot coefficient; (c) Coherence of lateral impedance function; (d) Rocking
stiffness; (e) Rocking damping; (f) Coherence of rocking impedance function.
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The average of impedance functions estimated from CCM and TCM experiments are shown in
Figure 10-14. By comparing Figure 10-3(b) and Figure 10-14, it can be seen that as Arias intensity
of the scaled Loma Prieta motions (SCZ) increased, the lateral and rocking foundation stiffness
decreases, while the lateral and rocking dashpot coefficient increases with some scatter. The main
reason for the observed behavior was that as the intensity of a motion increases, the induced shear
strain in soil increases. Therefore, while the shear stiffness of the soil decreases, the soil damping
increases. δ values, shown in Figure 10-14, indicated that the lateral foundation stiffness values
were closer to the 1-to-1 line compared with the rocking foundation stiffness and also the rocking
dashpot coefficient values were closer to the l-to-1 line compared with lateral dashpot coefficient.

Figure 10-14. Average impedance functions estimated from CCM and TCM experiments; (a) Lateral stiffness;
(b) Lateral dashpot coefficient; (c) Rocking stiffness; and (d) Rocking dashpot coefficient.

10.6. CONCLUSION
Dynamic centrifuge experiments were performed to evaluate the performance of the two-stage
scaling method for soil-foundation-structure interaction problems. Two physical models,
representing a target structure were designed according to the scaling factors of conventional
centrifuge modeling and the two-stage centrifuge modeling, called CCM and TCM respectively.
CCM and TCM experiments were conducted in 50 and 25 g centripetal acceleration, respectively,
249

where a suite of earthquake motions was applied consecutively. Site response, including settlement
and motion amplification, kinematic interaction transfer functions, flexible-base natural
frequencies, and foundation impedance functions of the two physical models were compared.
Results showed that when the Arias intensity of the applied motions in the two experiments was
close, soil settlement was approximately similar; moreover, structure settlement showed better
agreement between the models compared with free-field settlements. The performance of the
method was preferable when soil amplification factors were estimated based on peak ground
acceleration rather than Arias intensity. In most frequencies, amplitudes of lateral and rocking
transfer functions for the kinematic interaction were relatively close in the two experiments,
although the rocking incoherence parameters showed better agreement compared with the lateral
incoherence parameter. Lateral and rocking flexible-base natural frequencies of the models
showed reasonable similarities between the experiments. While the method had more favorable
performance in estimating the lateral foundation stiffness in comparison with the rocking
foundation impedance, it had superior performance for estimation of the rocking dashpot
coefficient in comparison with the lateral dashpot coefficient. Overall, the performance of the twostage scaling method was relatively satisfactory given the limitations and requirements; although
the extent of its success depends on the target SFSI analysis criteria and the acceptable
approximation level.
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APPENDIX, CHAPTER 11

11. A REVIEW ON SOIL-WATER RETENTION SCALING IN
CENTRIFUGE MODELING OF UNSATURATED SANDS

11.1. ABSTRACT
Centrifuge testing has been growingly implemented to characterize the mechanical and hydraulic
behavior of partially saturated soils. The common procedures include unsaturated flow and
capillary ascending from an identified water table. The employment of these methods involves
experimental challenges, including how to generate, control, and measure water content and
suction in the soil as well as mapping the model results to their prototype values. This chapter
summarizes and reviews the state-of-the-art in centrifuge testing of unsaturated soils and presents
the results of a set of centrifuge experiments on unsaturated fine sand layers. The unsaturated
condition was developed following the two procedures, i.e., steady-state infiltration and capillary
rise from a saturated zone, and the results were presented in terms of volumetric water content and
matric suction. Discharge velocity and centrifuge gravitational field were varied to obtain a
different uniform degree of saturation profiles during the steady-state flow. The capillary
ascending was investigated in different g-levels where the specimen underwent a drying path from
a fully saturated condition by consecutively lowering the water table. The results demonstrated a
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negligible influence of the g-level on the Soil Water Retention Curves. Significant hysteresis was
observed during the tests involving steady-state infiltration. Although due to the capillary finger
phenomenon, capillary ascending did not occur uniformly along with the soil layers, the length
scaling factor of 1/N was successfully employed to project prototype capillary height to its model
value.1
11.2. INTRODUCTION
Geotechnical centrifuge testing has been increasingly employed for scaled modeling of earthen
systems where prototype values can be determined from the scaled results. Preserving stress
scaling factor as unity is the key in centrifuge modeling, which requires other prototype parameters
to be scaled, accordingly; proportional to the centripetal acceleration of Ng (e.g., the length is
scaled by 1/N). Scaling factors for different parameters in centrifuge modeling have been
investigated and addressed in previous studies (Garnier et al., 2007). Small-scale models enable
researchers and engineers with relatively inexpensive testing programs to simulate highly
destructive events such as earthquakes and to significantly reduce the duration of diffusion
experiments.
Shallow soil layers are mostly partially saturated except for regions with a high groundwater table.
Also, due to the seasonal variation of the groundwater level, the degree of saturation of soil layers
may vary significantly throughout the year. Further, given the significant effects of partial

1

This chapter was performed in collaboration with Morteza Mirhskeari, a former Ph.D. student at the
University of New Hampshire. A journal paper and a conference paper have been rewritten based on the
results, presented in this chapter. The journal paper, (Mirshekari et al. 2018b), was published in the
Geotechnical Testing Journal; furthermore, the conference paper, (Mirshekari et al. 2018a), was published
in the proceeding of the 9th International Conference in Physical Modeling in Geotechnics, conference in
London, UK.
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saturation on hydraulic and mechanical properties of soils (Lu & Likos, 2004) characterizing and
understanding these effects through experimental and numerical procedures become growingly
important. Centrifuge testing of partially saturated soils has been promisingly implemented in
different applications such as measurements of hydraulic characteristics of fine materials, (Nimmo
& Akstin, 1988; Conca & Wright, 1990; Khanzode et al., 2002; McCartney & Zornberg, 2010;
Reis et al., 2011a), understanding pollutant behavior in soils (Knight & Mitchell, 1997; Esposito,
2000; Depountis et al., 2001), simulating scaled earth dams and slope stability problems
(Deshpande & Muraleetharan, 1998; Caicedo & Thorel, 2014), climatic studies of soil-atmosphere
interaction (Tristancho et al., 2011), research on thermomechanical response of energy
foundations (Stewart, & McCartney, 2013), measurements of unsaturated dynamic properties of
(Ghayoomi & McCartney, 2011), and understanding the seismic behavior of unsaturated soil
layers (Ghayoomi et al., 2011; Mirshekari & Ghayoomi, 2017). These studies, in general, fall into
three major categories: experiments that included an unsaturated flow (Nimmo et al., 1987; Conca
& Wright, 1990; Esposito, 2000; Knight et al., 2000; Zornberg & McCartney, 2010; Parks et al.,
2011; Caicedo & Thorel, 2014; Mirshekari & Ghayoomi, 2017), tests on fine soils where they
were mixed and compacted with a specific moisture content (Deshpande & Muraleetharan, 1998),
or those where capillary rise occurred from a constant water level (Cooke & Mitchell, 1991;
Depountis et al., 2001; Rezzoug et al., 2004). Unsaturated soil testing in geotechnical centrifuge
has involved experimental challenges such as means to generate unsaturated conditions, control
the degree of saturation, maintain the pre-determined water level, and importantly how to backcalculate moisture content or matric suction using the prototype soil-water retention relations.
Specifically, mapping the results of scaled models of different testing scenarios in partially
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saturated soils to full-scale prototype situations requires accurate assessment of the model-toprototype conversion of suction, water-content, and their relation.
Previous studies have shed light on how the capillary rise is scaled in capillarity-governed
problems through analytical methods (Arulanandan et al., 1988; Lord, 1999; Rezzoug et al., 2000)
and, to some extent, experimental procedures (Esposito, 2000; Crançon et al., 2000; Knight et al.,
2000; Depountis et al., 2001; Rezzoug et al., 2004). These investigations showed that the capillary
height is reduced with the length scaling factor during centrifugation. However, the experimental
programs that were used to validate this conclusion involved some uncertainties and required
further scrutiny. These include the use of visual methods in determining the boundary between the
wet and dry regions without measuring the degree of saturation, assuming that 1-g Soil Water
Retention Curve (SWRC) is also valid at higher g-levels, measuring the degree of saturation when
centrifuge was not spinning, and lack of matric suction measurements where the moisture contentsuction relationship was not identified (Cooke & Mitchell, 1991; Esposito, 2000; Crançon et al.,
2000; Rezzoug et al., 2004). Knowing that the matric suction is a stress-type variable and given
the stress scaling factor of unity, one could utilize the same scaling value for suction measurements
in unsaturated testing. However, since the shape of water menisci might be distorted in higher
gravities (Schubert, 1982) the SWRC could differ in higher centrifugal fields. Thus, different soilwater retention behavior might be observed in the prototype system versus the scaled model.
Centrifugation technique has been previously used to measure the SWRC (McLane, 1907; Russell
& Richards, 1939; Khanzode et al., 2002; Reis et al., 2011b; Malengier et al., 2015), which is
specifically suitable for fine materials due to the prompt drainage rate in centrifuge modeling,
according to ASTM D6836 (D. ASTM, 2008). The studies that verified the application of
centrifugation in SWRC measurements (Khanzode et al., 2002; Reatto et al., 2008; Reis et al.,
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2011b), did not leverage in-flight measurements of matric suction and Volumetric Water Content
(VWC); e.g., VWC was measured when centrifuge was not spinning and/or matric suction was
estimated using analytical formulas.
Steady-state infiltration technique has been implemented in in-flight centrifuge experiments to
study hydraulic properties of soils in suction-controlled fields (Nimmo et al., 1987; Conca &
Wright, 1990; Nimmo et al., 1992; Zornberg & McCartney, 2010; Parks et al., 2011), and lately
incorporated in larger geotechnical centrifuges to study seismic behavior of unsaturated soils
(Ghayoomi et al., 2011; Ghayoomi & McCartney, 2011; Mirshekari & Ghayoomi, 2017). For
instance, hydraulic characteristics of low-plasticity clay (SWRC and hydraulic conductivity) were
studied during continuous drying and wetting processes in an in-flight permeameter (Zornberg &
McCartney, 2010). The effect of g-level on SWRC, however, could not be addressed thoroughly
due to consecutive rewetting of the specimens. Moreover, negligible hysteresis was observed,
which was not clarified whether to be a result of continuous steady-state infiltration or specific
testing conditions such as the initial degree of saturation or the narrow range of moisture variations.
If it is assumed that hysteresis is negligible, one may obtain the same hydraulic characteristics
when the steady flow is generated from an initial degree of saturation [as recommended in ASTM
D6527 (D. ASTM, 2008)].
This chapter aims to address the above-mentioned questions, first, by discussing the current stateof-the-art in centrifuge modeling of unsaturated soils and, then, by reviewing the results of
prototype and scaled models of unsaturated sand layers simulated using two different approaches
in geotechnical centrifuge: (1) where capillary rise occurs from an identified water table during
drainage experiments and (2) when water infiltrates through an unsaturated soil layer; specifically,
during steady-state flow. A uniform fine-grained sand was selected in harmony with the steady255

state infiltration procedure in this study, which also, provided long-enough capillary ascending in
the tests with determined water tables. By providing continuous in-flight measurements of VWC
and matric suction, the scaling factor associated with capillary rise, suction, and hydrostatic water
pressure distribution in high gravitational acceleration fields are verified. In addition, the SWRC
in single gravity and higher gravities are examined during the abovementioned unsaturated soil
modeling processes.
11.3. CAPILLARY RISE IN CENTRIFUGE
The capillary rise in unsaturated soils could be studied using “bundle of capillaries” theory where
the unsaturated soil pores are simplistically modeled by equivalent cylindrical tubes (Lord 1999;
Rezzoug et al. 2000). After capillary rise has reached equilibrium in a tube, the velocity- and
acceleration-related forces become negligible, and the only opposition force acting against surface
tension is the weight of water. Capillary height at equilibrium might be expressed as a function of
water column weight, tube diameter (pore sizes in soils), and surface soil/water tensions:
ℎ=

2𝑇𝑐𝑜𝑠𝛿
𝑎𝜌𝑔

(11-1)

Where h is the capillary rise, T is surface water/soil tensions, δ is the contact angle between tube
(soil granules) and water, a is the effective capillary diameter, ρ is the water density, and g is the
applied gravity acceleration. The capillary rise, in reality, occurs in a more complex pattern where
pore water ascends along different paths (fingers) with different heights depending on the pore
diameters in various locations of soil layers (Lu & Likos, 2004). In unsaturated soils, the height
below the air-entry suction head is often named as “capillary fringe height” while the height
corresponding to residual water content is called “capillary rise height” (Lu & Likos, 2004). A
detailed overview of the scaling laws of the capillary rise was obtained by dimensional analysis
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(Arulanandan et al., 1988) where a non-dimensional group for capillary effects was formed as a
function of surface tensions, fluid density, pore sizes, and g-level. Regardless of the analysis type,
by assuming independence of surface tension from the g-level and using the same material in
prototype and model, the capillary rise in the model becomes inversely proportional to the gravity
level (Arulanandan et al., 1988; Lord, 1999; Rezzoug et al., 2000). The surface tension, however,
might be a function of g-level as a result of water menisci distortion in higher gravities (Schubert,
1982). Capillary rise scaling factor was investigated by controlling the water level in an adjacent
tank and estimating the capillary ascension (wetting experiments) by either monitoring the wet
front of soil using optical measurements (Depountis et al., 2001; Rezzoug et al., 2004) or
measuring the VWC profile (Crançon et al., 2000). The scaling law was, also, studied by draining
an initially-saturated specimen to a certain water level (drying experiments) where the moisture
profile was measured by weighing soil samples during the centrifuge stoppage times (Cooke &
Mitchell, 1991; Esposito, 2000). Although the capillary height was measured in both testing
methods, the lack of matric suction measurements left a gap in the interpretation of the results. As
a part of NECER (Network of European Centrifuges for Environmental Geotechnical Research)
project, the capillary rise was estimated in four geotechnical centrifuges using video cameras to
distinguish the unsaturated and dry soils through the contrast between dark and light zones
(Depountis et al., 2001; Rezzoug et al., 2004). This measurement technique only estimated the
boundary location between dry and wet areas and did not provide model profiles of the degree of
saturation.
Moreover, using an optical distinction between wet and dry soils to estimate the capillary rise is
questionable where water, even in very high suction values, cannot be extracted from the soils
beyond the residual degree of saturation. In one of the network facilities (Burkhart et al., 2000),
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tensiometers were used in addition to the optical cameras to measure matric suction. The capillary
rise heights measured by the optical method were almost twice the heights obtained from
tensiometers readings. According to the results from the tensiometers, the capillary rise scaling
factor was slightly lower than 1/N in higher gravities which could be related to the effect of higher
gravity on the shape of water menisci and capillary pressure. The effect of g-level on capillary
ascending could not be verified entirely due to the short span of g-level variations in those tests
(i.e., g-level changed from 1 to 11). Also, since the VWC was not measured alongside suction
readings, the model SWRC could not be achieved.
Crançon et al. (2000) used four Time Domain Reflectometry (TDR) sensors in a container with an
established water level and estimated the rise height by fitting a van Genuchten curve to the sensor
measurements. However, this procedure was based on the assumption of g-level-independence of
the constitutive model between matric potential and volumetric water content. Esposito (2000) and
Knight et al. (2000) studied the capillary rise scaling during drainage experiments as a preliminary
component of their research on pollutant release in unsaturated soil layers. Both studies consisted
of draining water from an initial saturated condition for a certain period followed by stopping the
centrifuge operation, oven-drying small soil samples from different locations of their specimens,
and measuring moisture content along with their soil profile. Even though in both studies, the
centrifuge stoppage was reportedly abrupt, the measured moisture contents at stoppage times were
not a precise representation of those values at high-g. Furthermore, the location of soil sampling
involves uncertainties, especially when length scaling factor is incorporated.
Small centrifuges were used historically for quicker SWRC measurements, especially for higher
suction levels (McLane, 1907; R. Gardner, 1937; Russell & Richards, 1939; Hassler & Brunner,
1945). SWRC measurement in fine-grained soils using geotechnical centrifuges was more recently
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studied and compared with other methods (Khanzode et al., 2002; Reatto et al., 2008; Reis et al.,
2011b; Malengier et al., 2015). The typical procedure (Khanzode et al., 2002; Reatto et al., 2008;
D. ASTM, 2008; Reis et al., 2011b) comprised of locating small specimens (e.g. 50 mm in
diameter and 20 mm in height in Reis et al. (2011b)) on a ceramic disk and draining water freely
during the centrifuge flights. Then, different suction values were obtained upon reaching
equilibrium depending on angular velocity and thickness of the disks (location of the specimens).
Due to the lack of any in-flight instrumentation, the VWC was measured by weighing soil
specimens successively at stoppage times during the tests, and matric suction was estimated using
the equation initially proposed by Gardner (1937). Lately, Malengier et al. (2015) proposed an
innovative approach using bench-scale centrifuge testing whereby the van Genuchten’s
parameters, and consequently SWRC, can be estimated through in-flight measurements of changes
in weights of outflow and the entire sample. The SWRC, then, is obtained indirectly by solving
Richard’s equation for unsaturated flow. Regardless of the selected approach, continuous in-flight
measurements of matric suction and VWC can significantly enhance the insight towards the
dependency of SWRC on higher gravity levels.
11.4. STEADY STATE INFILTRATION IN CENTRIFUGE
11.4.1. Background
Steady-state infiltration technique has been successfully implemented by several researchers to
obtain uniform suction (degree of saturation) profiles in centrifuge experiments (Nimmo et al.,
1987; Nimmo & Akstin, 1988; Conca & Wright, 1990; Nimmo et al., 1992; Dell'Avanzi et al.,
2004; Zornberg & McCartney, 2010). This technique was implemented in different soils such as
gravels (Conca & Wright, 1990), sands (Nimmo et al., 1987), and clayey materials (Zornberg &
McCartney, 2010). Controlling the matric suction along the relatively short height of their
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specimens (e.g. 38 mm in (Nimmo et al., 1987)) provided means to verify validity of Darcy’s law
in increased gravitational field, study the influence of different compaction levels on hydraulic
conductivity of sandy soils (Nimmo & Akstin, 1988), determine diffusion coefficients of angular
gravels (Conca & Wright, 1990), and study the effect of centrifugation on clay hydraulic
characteristics (Zornberg & McCartney, 2010). Recently, the steady-state infiltration has also been
incorporated into more complex geotechnical systems in larger centrifuges to generate suctioncontrolled fields(Ghayoomi et al., 2011; Ghayoomi & McCartney, 2011; Mirshekari & Ghayoomi,
2017).
McCartney and Zornberg (2010) studied hydraulic characteristics of a low-plasticity unsaturated
clay including SWRC and hydraulic conductivity function using steady-state infiltration in a
centrifuge permeameter. The VWC (θ), matric suction (ψ), and discharge velocity (vm) were
measured in consecutive drying and wetting paths where the degree of saturation was changed by
altering both g-level and discharge velocity in different patterns. Negligible hysteresis was
observed through all the drying and wetting cycles, which was speculated to happen due to: starting
the tests from a degree of saturation of almost 90% and passing along scanning curves; conducting
the experiments on a relatively narrow range of VWC that prevented air pores from being
entrapped between soil particles; and/or applying a continuous steady-state infiltration throughout
the tests during which water may have flowed along the same pore paths in the drying and wetting
processes. In addition, the effect of g-level on the SWRC of clay was examined by comparing
suction and VWC measurements of consecutive drying tests under different centripetal
accelerations. The comparison, however, was not able to demonstrate a distinct influence of
acceleration level on the SWRC since the data was scattered as a result of successive rewetting of
the specimens. Comparisons between prototype SWRC (i.e., using hanging column and pressure
260

chamber tests) and those obtained from centrifuge permeameter showed the same α- and N-van
Genuchten fitting parameters (1980) for different tests although different residual VWC (θr) and
saturated VWC (θs) were estimated due to the difference in the porosity of tested specimens. Parks
et al. (2011) employed an in-flight permeameter and continuously measured θ and ψ within a layer
of Ottawa sand to study hydraulic characteristics of sands during steady-state infiltration
experiments. After a wet-compacted specimen was wholly drained to θr, at different g-levels, they
applied infiltration onto the specimen awaiting the steady-state condition at each g-level. However,
the obtained matric suction profiles were not uniform in any of the g-levels, which was likely due
to the impact of outflow boundary conditions. Although only one discharge rate was used in the
mentioned study, due to the non-uniform θ and ψ profiles, for each g-level, several θ-ψ data points
during drying and infiltration parts were obtained. Aside from the significant scatter in the results,
an apparent influence of g-level on SWRC was not concluded, and different water entry suction
values from 1-g and high-g measurements were reported. This phenomenon was hypothesized to
be due to different wetting mechanisms in infiltration experiments.
Scaling parameters of unsaturated flow were addressed by either using dimensional analysis
(Goodings, 1982; Cargill & Ko, 1983; Arulanandan et al., 1988; Cooke & Mitchell, 1991;
Butterfield, 1999; Barry et al., 2001), or comparing the governing equations in prototype and
scaled systems (Goforth et al., 1991; Lord, 1999; Dell'Avanzi et al., 2004). The dimensional
analyses of the unsaturated flow used the dimensionless “capillary effect” number, which led to
the same scaling parameters as in saturated laminar flow problems. However, different scaling
factors were obtained from those of saturated flow, considering Poiseuille’s equation for capillarygoverned flow (Lord, 1999). Dell’Avanzi et al. (2004) provided a consistent framework to offer
formulation for suction profiles and addressed the scaling issues where Richards’ equation for
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unsaturated flow (Richards, 1931) was analytically solved. In case of a large-enough centrifuge
(i.e., ratio of centrifuge arm to the length of specimen higher than 10) the acceleration field would
be approximately uniform in the specimen and the prototype/model scaling factors of 1, 1/N, N,
and N2 would be obtained for matric suction, discharge velocity, flow rate, and time for N-g
centrifuge test, respectively.
11.4.2. Theoretical formulation
Bernoulli’s equation could express the fluid potential in a control volume of soil under a higher
gravitational field:
1
1 𝑣
𝜓
Φ = − 𝜔2 (𝑟0 − 𝑧)2 + ( )2 −
2
2 𝑛
𝜌𝑤

(11-2)

Where Ф is the fluid potential in a control volume, ω is the angular velocity of the rotation, r0 is
the radial distance of the rotation axis and bottom of the specimen, z is the distance of the control
volume to the bottom of the specimen, v is the discharge velocity, n is the soil porosity, and ρw is
the fluid density. Comparing with the gravity and suction terms in Bernoulli’s equation, the second
term indicating the velocity component of fluid’s energy can be omitted as the seepage velocity in
unsaturated flow is negligible. The discharge velocity of the flow may be related to the fluid
potential and hydraulic conductivity using Darcy’s law. Then, it can be introduced in the principle
of continuity equation that results in Richards’ equation for unsaturated flow (Richards 1931)
assuming material isotropy and constant control volume during the experiments:
𝜕
𝜔2
1 𝜕𝜓
[𝑘(𝜓)( (𝑟0 − 𝑧) −
)] = 0
𝜕𝑧
𝑔
𝜌𝑤 𝑔 𝜕𝑧

(11-3)
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Where k(ψ) is the unsaturated hydraulic conductivity as a function of matric suction, and g is the
earth gravity. Solving Richards’ equation yields to the following generic equation for suction
profile during steady-state infiltration in higher gravities:
𝑧
𝜓 = 𝜌𝑤 𝑧𝜔2 (𝑟0 − ) + 𝜌𝑤 𝑔𝑣𝐾(𝑧) + 𝜓0
2

(11-4)

Where K (z) is the integration of inverse hydraulic conductivity along the depth of the specimen
and ψ0 is suction at the bottom of the specimen defining the boundary conditions. For the real
unsaturated flows, Richards’ equation is more convenient to be solved numerically (Bear et al.,
1984; Šimůnek & Nimmo, 2005). Dell’Avanzi et al. (2004) assumed Gardner’s exponential
hydraulic conductivity function (W. R. Gardner, 1958) for unsaturated soils to analytically obtain
the K (z) (Equation (11-5)), and solved Richards’ equation for steady-state flow under higher
gravitational field estimating suction profile along the depth of the specimen (Equation (11-6) (a)
and (b)).
𝑣
|
+ 𝑒 −𝑎𝜓 |
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(a)

(b)

Where a is Gardner’s hydraulic conductivity parameter in kPa-1 (W. R. Gardner, 1958), e is the
natural base of logarithms, Nr is the g-level depending on z parameter, and ksat is the soil saturated
hydraulic conductivity. The suction profiles could be affected by the centripetal acceleration and
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discharge velocity, the extent of which is shown in Figure 11-1 for a 0.25-m long specimen in a 1m radius centrifuge with a saturated boundary condition. As illustrated through the analytical
solution, to change the suction in 40 g, it requires an order of magnitude change in discharge
velocity. The impacts of g-level and discharge velocity on the steady-state suction and VWC
profiles were demonstrated experimentally in an in-flight permeameter (Zornberg & McCartney,
2010) where the effect of discharge velocity was found to be lower than g-level variations. Further,
Dell’Avanzi et al. (2004)

compared the suction profiles in prototype and model defining

prototype/model suction and discharge velocity scaling factors during the steady-state infiltration
as follow:
𝑧
− 𝛼𝑧 𝐾(𝑧)
𝑘(𝜓)
𝛼𝜓 =
𝑧
𝑁𝑟 𝜒
− 𝑁𝑟 𝐾(𝑧)
𝑘(𝜓)

(11-7)
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𝛼𝜓 𝜕𝜓
𝜌𝑤 𝑔 − 𝛼
𝑧 𝜕𝑧
𝛼𝑣 =
𝜕𝜓
𝜌𝑤 𝑔𝑁𝑟 −
𝜕𝑧

(b)

Where αz, αv, and αΨ are the geometry, discharge velocity and suction scaling factors, respectively,
and χ is the uniformity factor defined as follows:
𝜒=1+

𝑧/𝑟0
2(1 − 𝑧/𝑟0 )

(11-8)
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Figure 11-1. Suction profiles during steady-state infiltration from Dell’Avanzi’s analytical solution (a) for
different g-levels and (b) for different discharge velocities.

Since the length scaling factor varies throughout the depth of the specimen and equals the inverse
of the g-level, the suction scaling equation could be reduced to:
𝑧
− 𝐾(𝑧)
𝑘(𝜓)
𝛼𝜓 =
𝑧
𝜒
− 𝐾(𝑧)
𝑘(𝜓)

(11-9)

Uniformity and suction scaling factors are shown in Figure 11-2(a) versus r0/Lm (the ratio of
centrifuge arm’s length to the length of the specimen) for the bottom, middle, and top of a soil
specimen under centripetal acceleration of 40 g. The uniformity parameter and suction scaling
factor become approximately one where r0/Lm is greater than 10. This condition might be the case
for some of the in-flight experiments or large centrifuges (Ghayoomi et al., 2011; Ng et al., 2014).
However, in situations where the steady-state infiltration technique was used in some in-flight
experiments as well as smaller geotechnical centrifuges (Zornberg & McCartney, 2010;
Mirshekari & Ghayoomi, 2017), this ratio may become less than 10 signifying the importance of
suction scaling values. Further parametric study on Equation (11-9) shows the insensitivity of the
suction scaling factor to K(z) and, in turn, to the g-level. The range of K(z) values for typical
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applications is negligible compared with the inverse of typical unsaturated hydraulic conductivity
for sands, silts, or clays. Such parametric study simplifies the suction scaling factor equation and
suggests a scaling factor that is only a function of specimen height and centrifuge arm’s length:
𝛼𝜓 =

1
𝜒

(11-10)

The validity of this reduced-form equation could be verified by inspecting the values of uniformity
and suction scaling factors in Figure 11-2(a). It should be noted that Equation (11-10) expresses
the dependency between uniformity of the suction profile and uniformity of the acceleration field
where suction in the upper portion of the profile lean lower in non-uniform acceleration fields.
This phenomenon is shown in Figure 11-2(b) for a 0.25-m long specimen under the same
centripetal acceleration of 40 g with different centrifuge arm’s lengths. This scaling factor is only
valid when comparing the suction (or degree of saturation) profiles of prototype and model in
infiltration problems where the length and discharge velocity are modeled accordingly. The scaling
factor of 1/χ should not be applied to measured matric suctions or when back calculating matric
suction from the degree of saturation. Instead, the stress scaling factor of 1 is used in the case of
projecting measured matric suctions to prototype values. Moreover, the feasibility of backcalculation of the matric suction from the high-g degree of saturation values has to be solely
evaluated by studying the effect of g-level on SWRC and is not a suction scaling problem.
Therefore, verification of this suction scaling factor was not sought in this study, and the measured
matric suctions were considered the same as their prototype values.
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Figure 11-2. (a) Uniformity and suction scaling factor over r0/Lm (Dell'Avanzi et al., 2004) (b) Suction profiles
for different r0/Lm.

11.5. EXPERIMENTAL PROGRAM
11.5.1. Centrifuge and container
Centrifuge tests were conducted using the renovated five g-ton centrifuge at the University of New
Hampshire with an arm radius of 1-m in its fully extended position (Ghayoomi & Wadsworth,
2014). In order to supply water to the test system in flight, the bottom slip ring was modified to
pass hydraulic inflow lines. The specimens were dry pluviated in a 356-mm long, 178-mm wide,
and 254-mm deep container for both capillary and infiltration tests. A modified base plate made
of anodized aluminum was used through which a network of holes facilitated the water flow in
and out of the specimen with sufficient capacity.
11.5.2. Material
F-75 Ottawa sand was used in this study because while the corresponding suction at residual water
content could reach to 10 kPa, yet it is permeable enough to permit the steady-state infiltration
occurrence within the discharge range of the experiments. Furthermore, using finer materials
would require a longer time to reach a steady-state condition, which was not applicable due to the
limitations in supplying enough water from the inflow tank. The same sand was used for capillary
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tests to be consistent with the infiltration tests since it allowed capturing the degree of saturation
profiles with acceptable resolution in the transition zone (before the residual degree of saturation)
for most of the g-levels (except the tests at 30 g and 40 g). The grain size distribution of this
uniformly graded sand, classified as SP according to USCS system, is illustrated in Figure 11-3(a).
SWRC of the material was measured using hanging column test (Ghayoomi et al., 2011;
Mirshekari & Ghayoomi, 2015) and tensiometric technique (Le & Ghayoomi, 2017; Ghayoomi et
al., 2017), shown in Figure 11-3(b), which demonstrated a good agreement amongst the different
methods. Some of the Geotechnical physical and hydraulic properties of this sand are listed in
Table 11-1.

Table 11-1. Geotechnical properties of F-75 Ottawa Sand.

Parameter
Coefficient of curvature, Cc
Coefficient of uniformity, Cu
Specific gravity, Gs
D50 (mm)
Dry density limits, ρd-min, ρd-max (kg/m3)
Void ratio limits, emin, emax
Relative density, Dr
Saturated Hydraulic Conductivity, ks (m/s)
van Genuchten-Mualem Hydraulic Conductivity Function fitting
parameter, αG (kPa-1)
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Value
1.71
1.01
2.65
0.182
1469, 1781
0.49, 0.80
0.45
6 x 10-5
2.5

Figure 11-3. Grain size distribution and (b) SWRC of Ottawa sand (Ghayoomi et al., 2011; Mirshekari &
Ghayoomi, 2015; Le & Ghayoomi, 2017; Ghayoomi et al., 2017).

11.5.3. Instrumentation
Instrumentation included dielectric sensors, miniature tensiometers, miniature pore pressure
transducers, and Linearly Variable Deformation Transformers (LVDT) to measure volumetric
water content (VWC), matric suction, pore water pressure, and displacement, respectively.
Schematics of the deployed instrumentation in the capillary rise and steady-state infiltration
experiments are shown in Figure 11-4(a) and (b), respectively. EC-5 dielectric sensors (from
Decagon Devices in Pullman, WA) were used, which converted the dielectric permittivity of soils
to the VWC (Kizito et al., 2008). Furthermore, one 5TM dielectric sensor (from the same brand)
was used as the bottommost moisture probe in the capillary rise tests, which is capable of recording
temperature as well as the VWC. The data from the dielectric sensors were monitored through a
Decagon data logger installed on the arm of the centrifuge and recorded manually when desired
during the tests. Since the dielectric sensors’ performance slightly differs in various soils and
temperatures (Kizito et al., 2008), specific calibration under the testing conditions was needed
(i.e., the same soil type, used water, temperature, and sensors’ alignment). To that end, specific
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calibration program was carried out in the lab temperature in a sufficiently large Plexiglas cylinder
filled with Ottawa sand, which was mixed with the water supplied from the same tank used in the
target centrifuge tests. The calibration, initially, included mixing oven-dried sand with different
amounts of water and keeping the wet sand in a sealed plastic bag for 24 hours to allow for moisture
homogenization throughout the soil. The wet soil was compacted in three lifts in a container, and
the sensors were vertically inserted to the specimen or placed horizontally in mid-depth. After that,
the average moisture content of the specimen was found by obtaining and oven-drying several
small samples of wet soil from different locations of the container. The obtained moisture content
was used to find VWC using the total weight of wet soil and the volume of container which, then,
was correlated with the recorded VWC data using the moisture probes. Since the sensors would
be located horizontally inside the specimens (despite vertical alignment in their typical
applications), the calibration data from horizontal and vertical alignments of the sensors were
compared through which the alignment was demonstrated to have a negligible impact on the
measured values. It should be noted that the dielectric sensors provided a lower accuracy in degrees
of saturation close to fully saturated condition, especially in centrifuge testing, where the water
head increased in higher gravities. To overcome this issue, the calibration was solely based on the
data in the unsaturated condition, and the results were presented in terms of the degree of
saturation. The absolute mean error, of random type, in VWC measurements was found to be
between 0.74% and 1.62% for different sensors. During steady-state infiltration, one LVDT (MHR
500 ASSY model from Measurement Specialties of Hampton, VA.) was mounted atop the
specimen on the side surface to monitor potential settlement due to saturation and sand packing in
high gravities. The surface LVDT was not employed for the capillary rise tests as the specimen
was covered, to prevent the possible evaporation. Instead, the initial settlement was estimated as
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an average of the settlements caused by spin-up and saturation during the tests with the same
relative density under similar g-level.

Figure 11-4. The deployed instrumentations in (a) capillary rise tests and (b) steady-state infiltration tests.

Measurement of matric suction in centrifuge modeling has been the main challenge in the smallscale simulation of systems with unsaturated soils. The need for capturing instant variations of
matric suction requires small water reservoir between the porous stone and diaphragm of sensors,
which is provided in miniature tensiometers. In addition, the effect of increased self-weight of
sensors in high-g demands miniature tensiometers to avoid soil disturbance. Among the centrifuge
studies on hydraulic characterization of unsaturated soils, only a few measured in-flight matric
suction (Burkhart et al., 2000; Zornberg & McCartney, 2010) where the tensiometers had a
relatively long response period (e.g., 30 minutes in case of a significant change in suction for the
ones used in (Zornberg & McCartney, 2010)). The slow response of the tensiometers was in
harmony with the experiment context where they measured high suction values of clay during a
long period of testing (Zornberg & McCartney, 2010) or had the liberty to await the equilibration
(Burkhart et al., 2000). However, in the current study capturing prompt changes of matric suction
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was of interest since suction changes within sands occur rapidly as well as constrained testing time
due to the limited water supply during the infiltration tests.
Moreover, since the sensors were embedded within the soil layer, a miniature transducer would
cause less non-uniform sand densification. Hence, miniature tensiometers were selected to be used
for matric suction measurements in this study. Another possible application for the miniature
tensiometers could be in seismic modeling of unsaturated soils, where the dynamic variations of
matric suctions are to be measured.
Although the obsolete PDCR81 Druck pore pressure transducers were initially intended to measure
positive pore water pressure, they were previously modified by applying a non-corrosive glue to
the porous stone perimeter, to allow for matric suction measurements (Muraleetharan & Granger,
1999). However, as it was noticed during that investigation and the current study, the modification
still may not thoroughly seal the circumference of the porous stones when the steady measurement
is needed. Therefore, three EPB-PW miniature tensiometers (Take & Bolton, 2003), from
Measurement Specialties, were used in this study to measure matric suction. Two of the
transducers have porous stones with 50-kPa air entry value, whereas the other one has a 100-kPa
porous stone. One sensor, with 50-kPa porous stone, was asked to be manufactured with a thicker
housing to monitor the effect of large soil weight on the measurement performance. Two PDCR81
sensors were also used in capillary tests within the saturated zone to measure positive pore water
pressure and identify the depth of water level. Hereafter, the miniature tensiometers and pore
pressure transducers are called EPB tensiometers and Druck PPTs, respectively.
In order to acquire the maximum precision in pressure/suction measurements, both Druck and EPB
sensors have to be fully saturated. The method introduced by Take and Bolton (2003) was used
herein to saturate the sensors in a Plexiglas cylindrical setup with pressure and vacuum ports. The
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saturation procedure consisted of applying vacuum for 90 minutes to the sensors in air, then,
raising the water level in the cell, so the sensors were soaked in water; followed by applying
vacuum to the cell for another 12 hours and ultimately, opening the cell to the atmospheric
pressure. The sensors were calibrated using a burette connected to the sealed Plexiglas cell where
the water was lowered gradually inside the burette, and the pressure acting on diaphragm was
obtained as a function of the distance between water head in the burette and the diaphragm
elevation. Negative pressure was generated at the level of the diaphragm by setting the water level
in burette lower than the diaphragm elevation which led to the same calibration results as obtained
in positive pressure (i.e., the same calibration slope and intercept). Then, the calibration cell was
filled with soil and the sensors’ performance, while embedded in the soil, was verified against a
column of water connected to the cell.
Moreover, deploying the EPB sensors along with a T5 Decagon lab tensiometer in a compaction
mold demonstrated the precise performance of miniature sensors where the difference between the
two measurements was less than 0.5 kPa for all the sensors. The saturation and calibration steps
were repeated for both EPB and Druck sensors before each test to obtain the shortest response
duration and the maximum accuracy of measurement, respectively. The absolute mean errors of
EPB and Druck measurements were found to be between 0.01 to 0.28 kPa and 0.1 to 0.5 kPa,
respectively, varying among different calibration charts. The Druck transducers offer a lower level
of accuracy, which was in harmony with their intended application of measuring the depth of the
water table. However, the EPB sensors were used for obtaining SWRC, which required a higher
level of precision. The data from both EPB tensiometers and Druck PPTs were recorded
continuously with a sampling frequency of 10 Hz using an onboard Data Acquisition (DAQ)
system.
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11.6. EXPERIMENTAL PROCEDURES
11.6.1. Sample preparation
The sand was dry pluviated to obtain loose specimens with an approximate relative density of 45%
reaching to the final height of 22.9 cm in model scale for all the tests. A plastic membrane was
glued to the bottom drainage plate to prevent movement of water and sand particles into the gaps
between laminates. A gravel layer with the thickness of 1.3 cm was placed at the bottom of the
container to generate a saturated boundary condition in steady-state infiltration tests, which was
separated from the overlying sand using a Geotextile filter. The gravel layer was, also used in
capillary tests to prevent local sand-washing during the saturation process. During the sand
pluviation, the sensors were located at different depths of the specimen depending on the system
layout in different tests (Figure 11-4). Upon placing the pore pressure transducers and miniature
tensiometers on soil layer, the soil around sensors was locally wetted to avoid desaturation of the
sensors before saturating the specimen. Upon completion of the pluviation and instrumentation,
the specimen was saturated from the bottom by passing water through the drainage ports on the
base plate until no air bubble appeared on the surface and a thin film of water formed above the
sand layer. Then, the specimen was spun up to the target g-level measured at the middle of the soil
layer. The geostatic stress in high gravity would ensure full saturation by dissolving possiblytrapped small air bubbles. Hydrostatic water pressure measurements from PPTs and EPBs
confirmed the saturation success.
11.6.2. Capillary rise tests
In order to study the capillary rise modeling, associated scaling laws, and in-flight SWRC
measurements, the water level in the soil layer was lowered gradually from the soil surface in
different g-levels (i.e., 5, 10, 15, 20, 30, and 40 g) using a miniature outflow solenoid valve. The
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specimen was spun up to 50 g before reaching the target g-level in each test, so that potential sand
packing due to centrifugation would occur in advance, minimizing the change in relative density
among different tests. The experiment started at 40 g, where the water level was lowered gradually.
VWC and matric suction were continuously monitored at each step until no further change was
observed for at least 180s, significantly longer the combined time required for water level
stabilization and equilibration of sensors’ measurements; i.e., less than the 20s. Then, the
centrifuge was stopped, and the specimen was re-saturated. After that, the test at 30 g was
conducted, and the same procedure was repeated until the test at the last g-level (i.e., 5 g).
Schematics of the expected hydrostatic pressure/suction and degree of saturation profiles during
tests at each g-level are shown in Figure 11-5(a) and (b), respectively. The container was covered
with a plastic appropriately before each test so that no significant evaporation occurred during the
experiments. Albeit no settlement was recorded during this test, according to the pilot tests and
similar experiments, a negligible settlement would occur due to the saturation and spin-up of a
loose sand specimen leading to a minimal change in relative density of the specimen. The moisture
probes were located relatively close to each other in capillary tests to capture VWC profiles in
higher g-levels better. Since the moisture probes were heavier than other sensors (i.e., the mass of
20 grams for each EC-5 dielectric sensor), they were not positioned in a vertical array to distribute
the load and avoid adverse effects of sensors’ self-weights in high-g. The EPB miniature
tensiometers were deployed at the same level as the top three moisture probes so that SWRC would
be obtained at those levels. The Druck PPTs were placed in the saturated zone to identify the water
level in each step.

275

Figure 11-5. Schematic of variations in (a) hydrostatic pressure/suction and (b) degree of saturation profiles
during capillary tests at each g-level.

11.6.3. Steady state infiltration tests
The steady-state infiltration implementation procedure inside a larger container is similar to the
system in Mirshekari and Ghayoomi (2017). An air-pressurized 300-liters tank was used to supply
water, which then, was guided to 8 fog-spray nozzles through an inlet slip-ring port. The inflow
rate was controlled using a solenoid valve in conjunction with an ultra-precision needle valve
where the solenoid valve opened the discharge during the centrifugation, and the needle valve
served to control the flow rate. The effluent water was drained using five miniature solenoid
valves, which routed the outflow to the four drainage tanks mounted on the front, back, and bottom
of the centrifuge platform.
During the steady-state infiltration tests, the degree of saturation was controlled by varying the
discharge velocity as well as g-level. Experiments with various discharge velocities were
conducted during which the specimen experienced drying and wetting successively. The tests were
performed under a total number of 7 discharges (D1 to D7) with D1 and D7 indicating the lowest
and highest discharges, respectively. The applied discharge in each test was changed by either
varying the opening of the needle valve or using a different set of nozzles. 1/8 PJ10, 1/8 PJ20, and
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1/8 PJ40 nozzles (from BETE brand) were deployed to apply different discharges in the D1 and
D2, D3 to D6, and D7 experiments, respectively. In each test, the initially saturated specimen was
spun up to 50 g, and the water infiltration was applied until a steady-state condition with a
relatively uniform degree of saturation profile was achieved. Upon reaching a steady-state
condition at 50 g, while the spraying continued, the g-level was changed. Then, the steady-state
was again achieved for g-levels of 40, 30, 20, 10, and 5, consecutively. Thesteady-state condition
was verified by monitoring the VWC and matric suction until approximately constant
measurements were reached for at least 3 minutes, where longer time was needed to reach
equilibrium as the g-level decreased. Following this procedure, the VWC-suction data points
shifted along the drying path in steady-state condition at 50 g, which then was rewetted along
hysteresis paths as the g-level decreased (as schematically shown in Figure 11-6(a)). During the
D7 experiment, the drainage valve stopped functioning at 20 g, followed by an increase in the
degree of saturation, especially in the lower portion of the specimen. The valve was fixed after the
centrifuge was stopped, and the test was continued starting from 20 g. The alterations of average
VWC, in three instrumented locations, at different g-levels, and under each discharge are shown
in Figure 11-6(b).
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Figure 11-6. (a) A schematic of the experienced water retention path during each infiltration test (b) VWC
variations during tests with different discharge velocities.

11.7. RESULTS AND DISCUSSION
11.7.1. Capillary rise tests
The capillary rise tests were performed in six g-levels where at each level the depth of water table
was lowered in a sequence (ranging from 9 to 22 interval steps in different tests). In order to verify
the performance of Druck PPTs and EPB miniature tensiometers, the data from the initial spin-up
of the saturated specimen were collected, shown in Figure 11-7 in the prototype scale. The slope
of hydrostatic pressure is nearly equal to the unit weight of water for all the g-levels demonstrating
an accurate performance of the sensors. The slight variation of the slope from the unit weight of
water was similarly reported by (Allmond & Wilson, 2012) where they used pore water pressure
transducers of several brands. This difference could be a result of a small error (with the extent of
few millimeters) in locating the sensors at specified heights. Also, the intercepts of the lines
slightly shifted down as the g-level increased which was due to the permeation of the extra film of
water atop the specimen (with the approximate height of 3 mm) into the soil as the g-level
increased. The measured time histories of VWC and pore water pressure/suction alongside the
recorded temperature during the test in 40 g are shown in Figure 11-8. When interpreting the time
278

series, it should be noted that the two bottommost dielectric sensors were not located at the same
level as the Druck PPTs. The Druck PPTs were intentionally kept saturated during the tests while
all the dielectric sensors experienced the unsaturated condition to have a better resolution of the
capillary ascending in different tests. Since the data from the EPB and Druck sensors were
automatically recorded through the DAQ, they started from the beginning of each test while the
VWC data were monitored at the desired times and, hence, did not start from the time zero. It is,
also, noticeable that the measurements of EPB miniature tensiometers were capped at suction
levels around 7 to 15 kPa depending on the g-level and position of the instrumentations. This
behavior might have happened because of the specific shape of water menisci in the porous
stone/sand interface region in degrees of saturations near the residual water content. The VWC
data did not start from the same saturated value at the beginning of the test due to the previously
mentioned insufficient accuracy of the dielectric sensors in saturated conditions. To avoid the
misinterpretation of the results, the VWC was converted to the degree of saturation by dividing all
the recorded value of each sensor by its saturated VWC.

Figure 11-7. Hydrostatic pressure during the initial spin up in capillary rise tests.
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Figure 11-8. Time histories of (a) pore water pressure/suction and (b) volumetric water content during the 40g capillary test.

The hydrostatic pressure/suction as well as the degree of saturation profiles for four water table
heights in each experiment (g-level), all converted to prototype scale, are shown in Figure 11-9(a)
and (b), respectively. The measured matric suctions followed hydrostatic linear profiles for the
suction levels lower than corresponding values of residual water content (i.e., around 7 to 15 kPa
as mentioned earlier). The depth of water level, at each step, was identified using the obtained
water pressure distribution from the Druck PPTs. Then, degree of saturation profiles with curves
similar to the SWRC curves proposed by van Genuchten (1980) was fitted to the data sets in-depth
starting from the acquired water table level; shown in Figure 11-9(b). The capillary fringe heights
in each case (i.e., each g-level and water level) were obtained as the capillary ascending associated
with the air entry value, shown in Figure 11-10. A practically close match, with the coefficient of
determination (R2) of 0.965, was observed between the curve representing 1/N scaling factor and
the obtained data points. The slight inconsistency between the estimated values and the expected
curve might be associated with the capillary finger phenomenon (Lu & Likos, 2004) as well as the
performance of the dielectric sensor. The dielectric sensors provide measurements with a slight,
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yet not negligible, error; the extent of which was discussed earlier. According to the capillary
finger concept (Lu & Likos, 2004), capillary ascending does not occur uniformly in real cases
where unsaturated soil can be conceptualized as “bundled tubes.” Therefore, it is possible that
water ascended in different paths, especially in some interval depths, which might be averagely
represented by SWRC with acceptable precision. Furthermore, although the dielectric sensors were
located relatively close to capture a high-resolution VWC profile, the majority of data points in
higher g-levels (i.e., 30 and 40 g) fall on regions of SWRC with either saturated or residual water
content. This approach provides fewer data points to fit the van Genuchten curve leading to
relatively less accurate estimations of capillary ascending in higher g-levels. It should be noted
that van Genuchten curves, measured from 1-g tensiometer technique experiments, also matched
closely with almost all the recorded data showing the validity of 1/N as the scaling factor of
capillary rise and capillary fringe heights.

Figure 11-9. Capillary fringe height in model scale for tests under different g-levels.

The relationship between the degree of saturation and matric suction in higher gravitational fields
was examined through the SWRC in each g-level. Three SWRCs were obtained (each at the
locations of EPB miniature tensiometers shown in Figure 11-4(a)) at each g-level, which are
281

illustrated in Figure 11-9(c). The cap in the measurements of EPB tensiometers in higher suction
values was observed in the SWRCs where the suction readings did not increase after reaching a
certain limit. The values of the degree of saturation measured from the top sensors before the air
entry were less than 100% in lower g-levels. This behavior was due to the re-saturation of
unsaturated soil in new g-levels that led to the air-entrapment in the top portion of the specimen.
The experimental program was initiated with the test at 40 g, and the g-level was reduced to 5-g
as the tests continued. Therefore, the initial degree of saturation for the top sensor shifted away
from the fully saturated condition as the g-level decreased because of the hysteresis effect.
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Figure 11-10. Profiles of (a) pore water pressure/suction, and (b) degree of saturation as well as (c) obtained
SWRCs at the different heights during the capillary rise tests.

The SWRCs for all the g-levels were obtained at depths of 2.5 (top), 5.1 (middle), and 7.6 cm
(bottom) in the model and are shown in Figure 11-11(a), (b) and (c), respectively. Van Genuchten
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(1980) SWRC model was fitted to the obtained data points at each location using the least-squares
regression method. The variations of data from the fitted van Genuchten curves can be estimated
from the values of absolute mean error, which were 8.8, 3.3, and 3.9% in terms of the degree of
saturation for the measurements at depths of 2.5, 5.1, and 7.6 cm, respectively. The higher variation
of the data obtained from the top sensors is indicative of the hysteresis effects at the top of the
specimen, for the following tests with lower g-levels. The mean errors at the other two locations
were only slightly higher than the error of deployed moisture probes. The lower and upper bounds
of van Genuchten curves, shown in Figure 11-11, were obtained as curves with a distance of
absolute mean error from the main curve. Only a slight change occurred in the residual degree of
saturation and the slope of the SWRC among the g-levels. However, the air entry value slightly
varied among different tests (between 1.8 and 2.4 kPa); i.e., decreasing as the g-level increased.
This might have occurred since the tests with higher g-levels had been conducted at the beginning
of the experimental program, and the relative density of sand had increased slightly as the tests
continued due to the self-weight effect in several spin-ups and downs of the centrifuge. The change
in density, however, was kept minimal by spinning the centrifuge up to 50 g before the beginning
of the experiments. The higher relative density, in turn, led to a slight increase in air entry value in
tests with lower g-levels. Based on the available data set from hanging column and axis translation
tests, as discussed previously, a 1-g SWRC band was proposed for comparison in Figure 11-11.
Although the 1-g and high-g SWRCs demonstrated a good agreement, the air entry value and slope
of high-g SWRCs were different from the 1-g band leading to lower degrees of saturation for the
interval values. The variations of both air entry value and slope of SWRCs from the 1-g
measurements were partly due to small hysteresis that occurred at the beginning of each sequence
of lowering the water table. According to Figure 11-8, when the water level was lowered spikes
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can be distinguished in pore water pressure or matric suction after which matric suction abruptly
reached the equilibrium. However, since the data from moisture probes were monitored less
frequently, these peaks were not reflected in the VWC time histories. The abrupt changes of VWC
and matric suction at the beginning of each sequence led to small hysteresis effects that
accumulated as the test, at each g-level, proceeded. These small hysteresis loops, in turn, led the
unsaturated sand to take paths in θ-ψ coordinate with slightly different air entry value and slope in
high-g. Also, albeit the possible influence of g-level on the shape of water menisci (Schubert 1982)
was hard to be tracked in an experimental study, this phenomenon could have an impact on the
final SWRC as well as capillary ascending in higher gravities.
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Figure 11-11. SWRCs obtained in six g-levels at three (a) top (D = 2.5 cm) (b) middle (D = 5 cm) and (c) bottom
(D = 7.5 cm) instrumented locations of the specimen.

11.7.2. Steady-state infiltration tests
The steady-state infiltration tests were carried out using seven spraying discharges, and during
each test, thesteady-state condition was obtained in 7 g-levels (i.e., 50, 40, 30, 20, 10, 5, and 1).
The variations of matric suction and VWC, at different instrumented locations, during D1
experiment are illustrated in Figure 11-12(a) and (b), respectively. The time histories initiated from
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the time of 1000 s after the test was started, which is slightly after the beginning of infiltration in
50 g. The achieved matric suction and degree of saturation profiles at steady state condition under
different discharges and g-levels are shown in Figure 11-13(a) and (b), respectively. The steadystate condition, initially, was established at 50 g for all the tests, which corresponds to the lowest
degree of saturation (highest matric suction) and as the test proceeded to lower g-levels, degree of
saturation increased. The tests with the lowest and highest discharge velocities (i.e., D1 and D7,
respectively) encountered the highest uncertainty, which was due to the performance of nozzles in
very high or low discharges. Moreover, for very low discharges of water, the air turbulence on top
of the specimen might have influenced the spraying pattern resulting in a less-uniform degree of
saturation profile.

Figure 11-12. Variations of (a) matric suction and (b) volumetric water content during the steady-state
infiltration experiment, D1.
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Figure 11-13. The achieved profiles of (a) matric suction and (b) volumetric water content as well as (c) SWRCs
during steady-state infiltration experiments under different discharges (the grey color indicates the data before
equilibrium).
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The obtained SWRCs at the instrumented locations under each discharge are shown in Figure
11-13(c). The continuous measurement of VWC and matric suction allowed data acquisition even
before reaching the steady-state at g-level; shown in Figure 11-13(c) in grey color. Although these
data cannot be referred to as the values of VWC or matric suction in steady-state condition, they
might be used to show the transition paths. They reasonably matched with the steady-state
condition results and could be used for the illustration purposes in the SWRC curves. The tests
consisted of a drying stage where thesteady-state condition was initially obtained at 50 g from the
saturated state, and a wetting stage where the g-level was lowered with constant discharge and the
VWC increased as the g-level decreased. Therefore, the matric suction-VWC graph for each test
started from a data point on the drying path of the SWRC and continued along a scanning hysteresis
path.
It should be noted that since the discharge rates were different in the experiments, the starting point
was not the same for all the discharges. However, as discharge variations had a relatively low
impact on the degree of saturation in 50 g, the difference in VWC and matric suction of the starting
points was not significant except for D1 and D7 with the lowest and highest discharges,
respectively. The scatter in the results of D7 test was partly due to the increase in the degree of
saturation at 20 g, which occurred as the drainage valve stopped functioning. As the degree of
saturation increased, the specimen underwent an additional hysteresis leading to a higher scatter
in the results.
In order to evaluate the influence of g-level on the SWRC, the average values of measured VWC
and matric suction in three depths, under established steady-state infiltration, are illustrated at each
g-level (Figure 11-14). The results from the D7 test with g-level lower than 20 were removed in
this graph as they had experienced an extra hysteresis. The change in the g-level led to a more
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significant variation in terms of the degree of saturation than altering the discharge, which was
similarly reported in McCartney and Zornberg (2010). Therefore, it was practically impossible to
capture a full hysteresis path for each g-level by varying the discharge velocity, and only a portion
of the SWRC was obtained for each g-level. The coherence between the obtained SWRCs at each
g-level demonstrated that the g-level did not influence the SWRC of sand. The observed scatter in
the results was mainly due to the fact that the tests did not start from the same point on the drying
curve of the SWRC. In order to evaluate the high-g SWRCs under steady-state infiltration, the
SWRC at 1 g along a hysteresis path is plotted. The 1-g SWRC test started from the saturated state
and moved along the drying path until reaching to a VWC similar to the VWC values at 50 g
during the infiltration tests. After that, the specimen was rewetted to obtain a scanning path starting
approximately from the same point as of those in high-g tests. In addition to this scanning curve,
the measured SWRC drying band is shown in Figure 11-14. The adequacy of the centrifuge results
is verified by the fair agreement between the high-g and 1-g measured SWRCs especially in higher
ranges of matric suction. For the lower matric suctions, the change in the initial point of the
hysteresis curve led to a higher difference in terms of the degree of saturation.

Figure 11-14. The average degree of saturation-suction variations throughout the specimen at steady-state
conditions in different g-levels.
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11.8. CONCLUSION
This chapter presented a thorough background of centrifuge modeling and scaling of partially
saturated soils. Centrifuge experiments were conducted where the partially saturated condition was
induced using steady-state infiltration technique as well as capillary rise from an established water
table (drying experiments). Dielectric sensors (for VWC), miniature PPTs (for pore water
pressure), and miniature tensiometers (for pore water pressure/suction) were deployed in steadystate infiltration and drying experiments to validate SWRC measurements in higher gravitational
fields. The comparisons between the SWRCs measured at 1 g, and higher gravities demonstrated
the successful measurements of the sensors in centrifugal fields.
Further, the scaling laws of capillary fringe height and hydrostatic pressure/suction profiles were
investigated when water ascends from an identified water table in drying experiments. The
capillary ascending might not occur uniformly within the soil layers due to the capillary fingers
phenomenon where water rises along paths with different heights. However, an approximate
scaling factor of 1/N was found for the capillary fringe height, which is consistent with the
analytical solutions from the “bundle of capillaries” approach. The 1-g interchangeable
relationship between the VWC and matric suction might be used for the results of higher g-levels
since the captured SWRC of sand was analogous in different g-levels during the drying
experiments. A slight difference was observed between the high-g and 1-g measurements, which
could occur due to the small hysteresis effects accumulated during each drying experiment as well
as small variations in density of the specimens.
A significant hysteresis was observed during the steady-state infiltration experiments. As the tests,
under each discharge, started at 50 g, the initially-saturated sand underwent the drying path. After
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that, the g-level was lowered while the discharge velocity was kept constant, which resulted in
rewetting the specimen and moving the VWC-matric suction curve along a scanning path. This
scanning path was in a good agreement with the 1-g data obtained from the tensiometer technique.
A parametric study on the equation proposed by Dell’Avanzi et al. (2004) revealed that the inverse
of the uniformity factor can simply represent the suction scaling factor during steady-state
infiltration. However, to project the measured model matric suctions to their prototype values, the
stress scaling factor of 1 has to be used. Also, the adequacy of back-calculating the degree of
saturation or matric suction values in higher gravities only depends on the validity of 1-g SWRC
in higher g-levels and is not a suction scaling problem. The SWRC of the sand obtained during the
infiltration tests was not affected by the g-level. Although a complete scanning curve was not
obtained from the data points of different discharges in each g-level, the coherency between the
results of different g-levels indicates the independence of the SWRC from the g-level. This would
permit the 1-g SWRC measurements to be used for back-calculation of the degree of saturation or
matric suction in higher g-levels.
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APPENDIX, CHAPTER 12

12.

SUPPLEMENTARY MATERIAL

12.1. ABSTRACT
This chapter provides additional information about various subjects, which were covered in the
dissertation. It should be mentioned that materials, discussed in each section of this chapter, are
independent of each other.
12.2. EQUATIONS OF THE CLOSED-FORM SOLUTION FOR TRANSFER
FUNCTIONS OF RECTANGULAR FOUNDATIONS
This section provides integral expressions, developed by Veletsos et al. (1997), for lateral and
rocking transfer functions of rectangular surface foundations subjected to inclined, incoherent
waves.
Integrals, shown in Equations (2-5) to (2-7), can be rewritten as follows by introducing
dimensionless distances such as, 𝜉1 = 𝑥1 /𝑎, 𝜉2 = 𝑥2 /𝑎, 𝜂1 = 𝑦1 /𝑎, and 𝜂2 = 𝑦2 /𝑏; where x1 and
x2 are the components of 𝑟⃗1 and 𝑟⃗2 in the perpendicular direction of the wave propagation. The
results are shown in equations (12-1) to (12-3) (Veletsos et al., 1997).
𝑆𝐿𝐿
1 1 1 1 1
=
∫ ∫ ∫ ∫ Γ̅ 𝑑𝜉1 𝑑𝜉2 𝑑𝜂1 𝑑𝜂2
𝑆𝐹𝐹𝑀 16 −1 −1 −1 −1

(12-1)

2

𝑆𝑆𝑆
𝑏2𝐴 1 1 1 1 1
=(
)
∫ ∫ ∫ ∫ 𝜂 𝜂 Γ̅ 𝑑𝜉1 𝑑𝜉2 𝑑𝜂1 𝑑𝜂2
𝑆𝐹𝐹𝑀
𝐼Ψ
16 −1 −1 −1 −1 1 2
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(12-2)

𝑆𝑆𝑆
𝑏2𝐴 1 1 1 1 1
=(
) ∫ ∫ ∫ ∫ 𝜂 Γ̅ 𝑑𝜉1 𝑑𝜉2 𝑑𝜂1 𝑑𝜂2
𝑆𝐹𝐹𝑀
𝐼Ψ 16 −1 −1 −1 −1 2

(12-3)

where terms are:
Γ̅ = 𝑒 {−[𝑑𝑥

2 (𝜉
2
2
2
1 −𝜉2 ) +𝑑𝑦 (𝜉1 −𝜉2 ) ]−𝑖𝑒𝑦 (𝜂1 −𝜂2 )}
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𝑒𝑦 = sin 𝛼𝑦

(12-4)

(12-5)

(12-6)

𝜔𝑎
𝑉̅𝑠,𝑟

(12-7)

Integrals (12-1) to (12-3) can be analytically solved in terms of the standard error function of
complex argument; and they are shown in Equations (12-8) to (12-10) (Veletsos et al., 1997).
𝑆𝐿𝐿
= 𝑓1 (𝑑𝑦 , 𝑒𝑦 )𝑔1 (𝑑𝑥 )
𝑆𝐹𝐹𝑀

(12-8)

𝑆𝑆𝑆
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(12-9)

𝑆𝑆𝑆
=
𝑆𝐹𝐹𝑀

9
2 2

𝑎
[1 + ( ) ]
𝑏
3
𝑎
1+( )
𝑏

2

𝑓2 (𝑑𝑦 , 𝑒𝑦 )𝑔1 (𝑑𝑥 )

(12-10)

𝑓3 (𝑑𝑦 , 𝑒𝑦 )𝑔1 (𝑑𝑥 )

where 𝑓1 , 𝑓2 , 𝑓3 , and 𝑔1 are defined below (Veletsos et al., 1997).
𝑓1 (𝑑𝑦 , 𝑒𝑦 ) = 𝐵1 (𝑑𝑦 , 𝑒𝑦 ) − 𝐵3 (𝑑𝑦 , 𝑒𝑦 ) −

𝑒𝑦
4 𝑑𝑦 2

𝐵2 (𝑑𝑦 , 𝑒𝑦 )
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(12-11)

𝑓2 (𝑑𝑦 , 𝑒𝑦 ) =

1
1
{𝐵1 (𝑑𝑦 , 𝑒𝑦 ) − 𝐵3 (𝑑𝑦 , 𝑒𝑦 ) −
[1 − 𝐵3 (𝑑𝑦 , 𝑒𝑦 )]
3
2 𝑑𝑦 2
−

−

𝑓3 (𝑑𝑦 , 𝑒𝑦 ) = 𝑖 {

𝑒𝑦 (24 𝑑𝑦 4 − 6 𝑑𝑦 2 + 𝑒𝑦 2 )
32 𝑑𝑦 6
𝑒𝑦 2

4 𝑑𝑦

𝐵2 (𝑑𝑦 , 𝑒𝑦 )

[𝐵3 (𝑑𝑦 , 𝑒𝑦 ) − 2𝐵4 (𝑑𝑦 , 𝑒𝑦 )]}

8 𝑑𝑦 4
𝑒𝑦

4 [𝐵1 (𝑑𝑦 , 𝑒𝑦 ) − 𝐵3 (𝑑𝑦 , 𝑒𝑦 )] +

1 − 𝑒 −4𝑑𝑥
√𝜋
𝑔1 (𝑑𝑥 ) = 𝑓1 (𝑑𝑦 , 0) =
Φ(2𝑑𝑥 ) −
2𝑑𝑥
4𝑑𝑥 2

2 𝑑𝑦 2 − 𝑒𝑦 2
16 𝑑𝑦 4

2

𝐵2 (𝑑𝑦 , 𝑒𝑦 )}

(12-13)

(12-14)

𝑒𝑦 2

(12-15)

𝑒𝑦 2

(12-16)

2

(12-17)

𝑒𝑦
√𝜋 (−4 𝑑𝑦 4 ) ̃
𝐵1 (𝑑𝑦 , 𝑒𝑦 ) =
𝑒
𝑅 [Φ (2𝑑𝑦 + 𝑖
)]
2𝑑𝑥
2𝑑𝑦
𝑒𝑦
𝑒𝑦
√𝜋 (−4 𝑑𝑦 4 ) ̃
𝐵2 (𝑑𝑦 , 𝑒𝑦 ) =
𝑒
𝐼 [Φ (2𝑑𝑦 + 𝑖
) − Φ (𝑖
)]
2𝑑𝑥
2𝑑𝑦
2𝑑𝑦
𝐵3 (𝑑𝑦 , 𝑒𝑦 ) =

(12-12)

1 − 𝑒 −4 𝑑𝑦 cos(2𝑒𝑦 )
4𝑑𝑦 2
2

(12-18)

𝑒 −4 𝑑𝑦 sin(2𝑒𝑦 )
𝐵4 (𝑑𝑦 , 𝑒𝑦 ) =
2𝑒𝑦

where the functions 𝑅̃ (𝑧) and 𝐼̃(𝑧) return the real and imaginary parts of the complex number, z.
Commonly, the function Φ(𝑧) is called the error function and is defined by Equation (12-19)
(Veletsos et al., 1997).
Φ(𝑧) =

2
√𝜋

𝑧

2

∫ 𝑒 −𝑢 𝑑𝑢

(12-19)

0
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Equations (12-8) to (12-10) can be reduced for two specific cases for vertically incident incoherent
waves and obliquely incident coherent waves. The first case occurs when incoherent motions
vertically propagate. In this case, the wave passage effect does happen. Equations (12-8) to (12-10)
can be rewritten as follows (Veletsos et al., 1997):
𝑆𝐿𝐿
= 𝑔1 (𝑑𝑦 )𝑔1 (𝑑𝑥 )
𝑆𝐹𝐹𝑀

(12-20)

𝑆𝑆𝑆
𝐶0 2
1
=
{𝑔1 (𝑑𝑦 ) −
[1 − 𝐵(𝑑𝑦 )]} 𝑔1 (𝑑𝑥 )
𝑆𝐹𝐹𝑀
3
2𝑑𝑦 2
𝑆𝑆𝑆
=0
𝑆𝐹𝐹𝑀

(12-21)

(12-22)

where:

𝐵(𝑑𝑦 ) = 𝐵3 (𝑑𝑦 , 0) =

𝐶0 =

1 − 𝑒 −4𝑑𝑦

2

(12-23)

4𝑑𝑦 2

3
(12-24)

𝑎 2
1+( )
𝑏

The second case happens when the coherent waves propagate upward with some inclination angle
compared to the vertical axes. In that case, Equations (12-8) to (12-10) can be reduced as follows
(Veletsos et al., 1997):
2

sin 𝑒𝑦
𝑆𝐿𝐿
=(
)
𝑆𝐹𝐹𝑀
𝑒𝑦

(12-25)
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2

𝑆𝑆𝑆
1 sin 𝑒𝑦
= 𝐶0 2 [ (
− cos 𝑒𝑦 )]
𝑆𝐹𝐹𝑀
𝑒𝑦
𝑒𝑦

(12-26)

sin 𝑒𝑦 1 sin 𝑒𝑦
𝑆𝑆𝑆
= 𝑖𝐶0 (
)[ (
− cos 𝑒𝑦 )]
𝑆𝐹𝐹𝑀
𝑒𝑦
𝑒𝑦
𝑒𝑦

(12-27)

As discussed previously, Veletsos et al. (1997) developed closed-form solutions for lateral and
torsional transfer functions for rectangular foundations by considering the wave passage effect and
incoherence of motions. As shown in Figure 2-7, Luco and Wong (1986) numerically solved their
integral expressions for a square foundation for a few specific values of incoherence parameter.
Figure 2-7 illustrates that the general trends in torsional and rocking transfer functions are the
same, although they are not equal. Therefore, in this research, experimental rocking transfer
functions were matched with the analytical torsional transfer function, developed by Veletsos et
al. (1997), to estimate the incoherence parameter for the rocking motion.
12.3. PROCEDURE FOR MEASURING THE KINEMATIC VISCOSITY OF FLUIDS
Cannon-Fenske type viscometer tubes were used to measure the kinematic viscosity of fluids
according to the method, described by Findlay (1917). Figure 12-1 (a) and (b) exhibit the two
viscometer tubes, which are used in the research. Each of these tubes is capable of measuring the
viscosity of fluids with specific ranges. The tubes are made by Fisherbrand Company and have
designated ASTM numbers (ASTM, 2006; Fisherbrand, 2019). Figure 12-1 (a) and (b) show tubes
# 200 and 100, respectively. It can be seen that the tubes are “U”-shaped and have two sides. They
have one bulb to store fluids on one side and two bulbs on the other side. The opening of the side
with one bulb is called Port A, and the other opening is referred to as Port B, as shown in Figure
12-1(d), to facilitate the explanation of the method used to measure the kinematic viscosity. the
procedure for measuring the kinematic viscosity of fluids is summarized below.
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1. A viscometer tube should be washed with water and alcohol to remove any residual fluid
from the tube. The tube may be dried by blowing compressed air into the tube.
2. A stand may be used to hold the tube vertically, as shown in Figure 12-1(d).
3. A small funnel may be inserted in Port A.
4. A fluid is poured into the funnel until the fluid fills about half of the volume of the bulb on
the side of Port A.
5. A pipet filler, shown Figure 12-1(c), may be attached to Port B.
6. The pipet filler may be used to apply suction to Port B. The fluids would start to flow from
the side of Port A to the side of Port B. The fluid would first pass the bottom mark, see
Figure 12-1. When the fluid fills the bottom bulb, it will pass the top mark. Suction should
be applied to Port B until the fluid fills at least about half of the top bulb.
7. The pipet filler should be removed from Port B. The time interval when the fluid passes
the top mark until it passes the bottom mark, should be measured.
8. The time duration in seconds should be multiplied by a coefficient set for each tube to
convert the time to viscosity in a suitable unit.
The measurable viscosity range for Tube #100 is from 3 cSt to 15 cSt and for Tube #200 is from
20 cSt to 100 cSt. Furthermore, the coefficient for converting time to viscosity for Tubes #100 and
200 are 0.015 cSt/s and 0.1 cSt/s, respectively.
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Figure 12-1. Devices used to measure the viscosity of fluids: (a) Cannon-Fenske type viscometer tube number
200; (b) Cannon-Fenske type viscometer tube number 100; (c) pipet filler; (d) setup for measuring kinematic
viscosity.

12.4. PROCEDURE FOR MEASURING THE SURFACE TENSION OF FLUIDS
Figure 12-2 shows the apparatus used in this research to measure the fluid surface tension. The
apparatus consists of the following parts:
1. A large outer tube, which is open at one end and has a glass sidearm near.
2. A borosilicate glass capillary tube with a ruler,
3. A one-hole cork.
The method, described by Findlay (1917), was implemented in this research with some
modifications to measure surface tension. The method is summarized below.
1. The apparatus should be washed with water and alcohol; then it should be dried by using
textile or blowing air.
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2. Fluid should be poured into the large outer tube, shown in Figure 12-2(b) until the fluid
reaches to about half of the tube.
3. The borosilicate glass capillary tube should be inserted into the cork, as illustrated in Figure
12-2(c). The main goal of the cork is to hold the capillary tube at about the center of the
outer tube. Then, the capillary tube with the cork should be inserted in the outer tube, as
demonstrated in Figure 12-2(a).
4. A pipet filler should be attached to the sidearm of the outer tube. Then, air should be blown
into the outer tube. As a result, the fluid would raise inside the capillary tube, and it wets
the inside wall of the tube. After that, the pressure should be released, so the fluid goes
down in the capillary rise and reaches an equilibrium after a while.
5. Air should be blown again. Then, the capillary meniscus should be allowed to reach an
equilibrium.
6. The ruler on the capillary tube should be used to measure the distance between lower
meniscus in the outer tube and upper meniscus in the capillary tube.
7. Step 5 following by Step 6 should be repeated.
8. Suction should be applied to the outer tube. Then, the capillary meniscus should be allowed
to reach an equilibrium.
9. The distance between the upper and lower meniscus should be measured, similar to Step
6.
10. Steps 8 and 9 should be repeated.
11. An average of the four readings should be calculated.
12. Equation (12-28) can be used to calculate the surface tension of the fluid.
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1
𝛾𝑓 = ℎ 𝑟 𝑑 𝑔
2

(12-28)

Where 𝛾𝑓 is the surface tension of the fluid and has a unit of dynes/cm; ℎ is the average distance
between meniscus and has a unit of cm; 𝑟 is the radius of the capillary tube, and has a unit of cm;
𝑑 is the density of fluid in g/cm3; 𝑔 is acceleration due to gravity and has a unit of cm/s2. The
radius of the capillary tube used in this research is about 0.05 cm.

Figure 12-2. Apparatus used to measure the surface tension of fluids: (a) apparatus; (b) outer tube, which is
open at one end and has a glass sidearm near top outside tube; (c) a borosilicate glass capillary tube with a
ruler and a one-hole cork.
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12.5. PROCEDURE AND CALCULATION OF SEISMIC SETTLEMENT OF
SATURATED AND DRY SANDY SOILS BASED ON AVAILABLE METHODS IN
THE LITERATURE
Chapter 5, Section 5.4.2.2, compared the seismic settlement of dry and saturated sandy soils,
excited with the suite of the seismic motions during the centrifuge experiments, with the results of
the procedure, available in the literature, to estimate seismic settlement of dry and saturated soils.
This section concisely describes the procedure and provides some examples for the performed
calculations.
Pradel (1998) developed a simple method to estimate the earthquake-induced dry sandy soil
deposits. The procedure can be summarized as follows:
1. The cyclic shear stress, 𝜏𝑎𝑣 , induced by the earthquake should be estimated according to
Equation (12-29).
𝜏𝑎𝑣 = 0.65

𝑎𝑚𝑎𝑥
𝛾𝑑𝑟𝑦 𝑧
𝑔

1

(12-29)

𝑧
1 + (𝑧 )

2

0

Where, 𝑎𝑚𝑎𝑥 is the maximum horizontal ground acceleration at the soil surface; 𝑔
is the acceleration due to the gravity of the earth; 𝛾𝑑𝑟𝑦 is the dry unit weight of the
soil; 𝑧 is the depth of the soil layer; and 𝑧0 is a constant number, which is equal to
30.5 m.
2. The maximum shear modulus, 𝐺𝑚𝑎𝑥 , of the soil at each depth can be estimated according
to Equation (12-30).
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1
𝑝0 [(𝑁1 )60 ]3

𝐺𝑚𝑎𝑥 = 447

𝑝
√
𝑝0

(12-30)

Where 𝑝 is the mean effective stress; 𝑝0 is reference stress which is equal to 95.7
kPa; and (𝑁1 )60 is the Standard Penetration Test (SPT) N-Value normalized not
only to an effective overburden pressure of 1 tsf but also to an effective energy
transfer to the drill rods equal to 60% of the theoretical free-fall energy.
Since the SPT test is not conducted on the soil, tested in the centrifuge experiments,
the (𝑁1 )60 for the soil was estimated using the correlation figure, developed by
Tokimatsu and Seed (1987), between the relative density of the soil and the the
(𝑁1 )60 value. The (𝑁1 )60 was estimated as 18, according to the mentioned figure
and the relative density of the sandy soil, which is about 62.5%.
3. The cyclic shear strain, 𝛾, should be estimated according to Equation (12-31).
𝛾=

𝜏𝑎𝑣
𝐺𝑚𝑎𝑥 (𝐺

(12-31)

𝐺

𝑚𝑎𝑥

)

Where 𝐺 is the soil shear modulus compatible with the cyclic shear strain. The
cyclic shear strain should be found through an interactive procedure, which is
explained below.
I.
II.

A shear strain is assumed.
The

𝐺
𝐺𝑚𝑎𝑥

is estimated based on a shear modulus reduction curve for the

sandy soil. In this research, the shear modulus reduction equation,
developed by Menq (2003) and shown in Equation (12-32) , is used to
reduce the shear modulus of the soil according to the induced shear strain.
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𝐺
𝐺𝑚𝑎𝑥

=

1
𝛾 𝑎𝑐
1 + (𝛾 )
𝑟

(12-32)

Where 𝑎𝑐 is the curvature coefficient.; and 𝛾𝑟 is the reference strain. The
curvature coefficient and the reference strain can be estimated according to
Equations (12-33) and (12-34), respectively.
𝑎 = 0.86 + 0.1 ∗ log

𝛾𝑟 = 0.12 ∗ 𝐶𝑢

−0.6

𝑝
𝑝𝑎

𝑝 0.5𝐶𝑢
( )
𝑝𝑎

(12-33)
−0.15

(12-34)

Where 𝐶𝑢 is the uniformity coefficient of the soil. It can be estimated by
performing a sieve test of soil.
III.

The shear strain is estimated using Equation (12-32) and the

𝐺
𝐺𝑚𝑎𝑥

ratio,

estimated in Step II.
IV.

The shear strain, estimated in Step III, is compared with the assumed shear
strain. The procedure is repeated until the two shear strains become close to
each other with an acceptable difference. In this research, the iteration was
performed ten times; however, it was observed that the shear strain reached
to an equilibrium number after about three iterations.

4. The volumetric strain after 15 cycles, 𝜀15 , should be estimated according to Equation
(12-35).
−1.2

𝜀15

(12-35)

(𝑁1 )60
= 𝛾(
)
20

5. The equivalent number of cycles, 𝑁𝑐 , should be estimated according to Equation (12-36).
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𝑁𝑐 = (𝑀𝑊 − 4)2.17

(12-36)

Where 𝑀𝑊 is the moment magnitude of the earthquake.
6. The volumetric strain for the number of cycles 𝑁𝑐 , 𝜀𝑁𝑐 , should be determined according to
Equation (12-37).

𝜀𝑁𝑐 = 𝜀15 (

𝑁𝑐 0.45
)
15

(12-37)

7. The settlement, Δ𝑆, of a layer of the soil with thickness Δℎ can be computed according to
Equation (12-38). The settlement of the soil can be estimated by adding the settlements of
all sublayers of the soil.
Δ𝑆 = Δℎ × 𝜀𝑁𝑐

(12-38)

The moment magnitude of the seismic motions is needed to estimate the soil settlement based on
the procedure developed by Pradel (1998). Since the moment magnitudes of the motions achieved
in the centrifuge experiments were not directly measured, they were estimated based on the
moment magnitudes of the desired earthquake motions. The following procedure was followed to
estimate the moment magnitudes of the achieved suite of seismic motions.
I.

The seismic moments, 𝑀0 , of the desired seismic motions were estimated according to
Equation (12-39). The unit of the seismic moment in this equation is dyne-cm.
𝑀𝑊 =

II.

log 𝑀0
− 10.7
1.5

(12-39)

The achieved seismic motions in this research were scaled down from their desired seismic
motions. It is assumed that the scale factor between the seismic moments of the achieved
motion and the desired motions is approximately similar to the scale factor between the
PGA of the achieved motion and the desired motion. Then, the seismic moments of the
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achieved motions were estimated by scaling the seismic moments of the desired motion
according to the scale factor of the PGA of the motions.
III.

The moment magnitude of the achieved seismic motions was estimated using Equation
(12-39).

Table 12-1 summarized the estimated moment magnitude of the seismic motions based on the
mentioned procedure.

Table 12-1. The estimated moment magnitude of the desired and achieved motions.

Seismic
motion
WPI
SCZ
TAK
TCU
JOS

Desired motion
PGA (g)
0.42
0.39
0.67
0.45
0.26

𝑀𝑊
6.69
6.96
6.90
7.62
7.28

Achieved motion
PGA (g)
𝑀𝑊
0.15
6.39
0.24
6.82
0.16
6.48
0.20
7.38
0.20
7.2

Table 12-2 shows some of the calculations, performed to estimate seismic soil settlement when
the soil specimen is excited with WPI motion. Similar calculations were performed to estimate the
soil settlement according to the other seismic motions.
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Table 12-2. Estimation of the seismic soil settlement of the dry sandy soil due to WPI motion, according to the
procedure developed by Pradel (1998).

No.* 𝚫𝒉 (m)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

0.55
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50

𝒑
(kPa)
2.62
7.63
12.40
17.17
21.94
26.71
31.48
36.25
41.02
45.79
50.56
55.33
60.10
64.87
69.64
74.41
79.18
83.95
88.72

𝝉𝒂𝒗 (kPa)

0.43
1.26
2.05
2.83
3.61
4.38
5.14
5.90
6.65
7.38
8.11
8.83
9.53
10.21
10.89
11.54
12.18
12.81
13.41

𝑮𝒎𝒂𝒙
(MPa)
19
32
40
47
54
59
64
69
73
78
81
85
89
92
96
99
102
105
108

𝜸
3.1E-05
5.2E-05
6.5E-05
7.7E-05
8.6E-05
9.5E-05
1.0E-04
1.1E-04
1.2E-04
1.2E-04
1.3E-04
1.3E-04
1.4E-04
1.4E-04
1.4E-04
1.5E-04
1.5E-04
1.5E-04
1.5E-04

𝜺𝟏𝟓

3.5E-05
5.9E-05
7.4E-05
8.7E-05
9.8E-05
1.1E-04
1.2E-04
1.2E-04
1.3E-04
1.4E-04
1.4E-04
1.5E-04
1.5E-04
1.6E-04
1.6E-04
1.7E-04
1.7E-04
1.7E-04
1.8E-04

𝑵𝒄

6.45
6.45
6.45
6.45
6.45
6.45
6.45
6.45
6.45
6.45
6.45
6.45
6.45
6.45
6.45
6.45
6.45
6.45
6.45

𝜺 𝑵𝒄

𝚫𝑺
(mm)

2.4E-05
4.0E-05
5.1E-05
5.9E-05
6.7E-05
7.3E-05
7.9E-05
8.4E-05
8.9E-05
9.4E-05
9.8E-05
1.0E-04
1.0E-04
1.1E-04
1.1E-04
1.1E-04
1.2E-04
1.2E-04
1.2E-04

0.01
0.02
0.03
0.03
0.03
0.04
0.04
0.04
0.04
0.05
0.05
0.05
0.05
0.05
0.06
0.06
0.06
0.06
0.06

Total Settlement (mm)

0.83

*: All parameters are defined previously.

The method, developed by Tokimatsu and Seed (1987), was implemented to estimate the seismic
settlement of the saturated sandy soil due to the suite of the seismic motions. The method can be
summarized as follows.
𝜏

1. The shear stress ratio, 𝜎𝑎𝑣′ , should be estimated according to Equation (12-40).
0

𝜏𝑎𝑣
𝑎𝑚𝑎𝑥 𝜎0
1
= 0.65
𝑟𝑑
′
′
𝜎0
𝑔 𝜎0
𝑟𝑚

(12-40)

Where 𝜎0 is total stress; 𝜎0 ′ is the effective stress; 𝑟𝑑 is the stress reduction factor; and 𝑟𝑚
is the scaling factor for stress ratio. 𝑟𝑑 and 𝑟𝑚 can be estimated based on a figure and a
table, which Tokimatsu and Seed (1987) provided.
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2. The volumetric strain of the soil, if the liquefaction occurs, can be read from a graph by
having the shear stress ratio and the (𝑁1 )60 value for each sublayer of the soil. If the
estimated volumetric strain is zero, it means that the liquefaction would not probably occur.
3. If the liquefaction does not occur, the normalized stress ratio, which is the ratio of the actual
shear stress ratio to the shear stress ratio causing liquefaction, can be estimated. The
normalized stress ratio can be used to estimate the pore pressure ratio based on a figure.
Then, the pore pressure ratio might be used to determine the volumetric strain of the soil.
Table 12-3 summarizes some the calculation, performed to estimate the incomplete liquefaction
settlement of the saturated sandy soil when the specimen was excited with WPI motion. Similar
calculations were conducted to estimate the settlements of the saturated soil based on the described
method.
Table 12-3. Estimation of the incomplete liquefaction seismic settlement of the saturated sand soil due to WPI
motion, according to the procedure developed by Tokimatsu and Seed (1987).

No.*
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

𝚫𝒉 (m)
0.55
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50

𝛕𝐚𝐯
𝛔𝟎 ′

′

𝝈𝟎 (kPa)

5.46
15.89
25.82
35.76
45.69
55.62
65.55
75.49
85.42
95.35
105.28
115.21
125.15
135.08
145.01
154.94
164.88
174.81
184.74

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.09
0.09

𝜺𝑵𝒄 (%)

3.9E-02
3.9E-02
3.8E-02
3.8E-02
3.8E-02
3.8E-02
3.7E-02
3.7E-02
3.7E-02
3.7E-02
3.6E-02
3.6E-02
3.6E-02
3.6E-02
3.5E-02
3.5E-02
3.5E-02
3.4E-02
0.03

Δ𝑆 (mm)
*: All parameters are defined previously.
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𝚫𝑺 (mm)
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.03
0.03
0.03
0.03
0.03
0.03
0.03

0.69

12.6. CONCISE DESCRIPTIONS OF PERFORMED LABORATORY EXPERIMENTS
AND DEVELOPED COMPUTER CODES FOR THIS DISSERTATION
12.6.1. Centrifuge experiments
Table 12-4 summaries the centrifuge experiments, which the author has performed during his
Ph.D. studies. The table provides a short description of each experiment and mentions the reasons
that some experiments were not successful. The author performed 50 centrifuge experiments
during his Ph.D. studies.
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Table 12-4. List of centrifuge experiments, which the author has conducted during his Ph.D. studies.

The goal of
Description

of Test

No. the

File names
the experiment

ID

experiment
T1, TCM, 1 of 5,
Northridge,
1-172018_V4.xlsx
T1, TCM, 2 of 5,
Loma Prieta, 1-172018_V4.xlsx
T1, TCM, 3 of 5,
Kobe,
1-172018_V4.xlsx
T1, TCM, 4 of 5, ChiChi,
1-172018_V4.xlsx
T1, TCM, 5 of 5,
Landers,
1-172018_V4.xlsx
T2, CCM, 1 of 5,
Northridge,
1-222018, V3.xlsx
T2, CCM, 2 of 5,
Loma Prieta, 1-222018, V3.xlsx
T2, CCM, 3 of 5,
Kobe,
1-22-2018,
V3.xlsx
T2, CCM, 4 of 5, ChiChi,
1-22-2018,
V3.xlsx
T2, CCM, 5 of 5,
Landers, 1-22-2018,
V3.xlsx
T3, CCM, 1 of 4,
Loma Prieta 0.1 g, 127-2018.xlsx
T3, CCM, 2 of 4,
Loma Prieta 0.2 g, 127-2018.xlsx

1
2
3
4
5
6
7
8
9

Appendix,
Chapter 11,
1.
Experimental
assessment
of the twostage scaling
method
in
physical
modeling of
soilfoundationstructure
systems

Model:
Twostage
Scaling
Model
(TCM);
Soil: dry sandy
Soil; Centripetal
T1
acceleration: 25
g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g

Model:
Conventional
Centrifuge Model
(CCM); Soil: dry
sandy
Soil;
Centripetal
T2
acceleration: 50
g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g

10
11
12

Model:
CCM;
Soil: dry sandy
Soil; Centripetal
T3
acceleration: 50
g;
Seismic
motion:
four
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Comments

13

intensity of Loma
Prieta motion

T3, CCM, 3 of 4,
Loma Prieta 0.3 g, 127-2018.xlsx
T3, CCM, 4 of 4,
Loma Prieta 0.4 g, 127-2018.xlsx
T4, TCM, 1 of 4,
Loma Prieta 0.1 g, 21-2018.xlsx
T4, TCM, 2 of 4,
Loma Prieta 0.2 g, 21-2018.xlsx
T4, TCM, 3 of 4,
Loma Prieta 0.3 g, 21-2018.xlsx
T4, TCM, 4 of 4,
Loma Prieta 0.4 g, 21-2018.xlsx
T5, Repeat, CCM, 1
of 9, Northridge, 214-2018.xlsx
T5, Repeat, CCM, 2
of 9, Loma Prieta 01g, 2-14-2018.xlsx
T5, Repeat, CCM, 3
of 9, Kobe, 2-142018.xlsx
T5, Repeat, CCM, 4
of 9, Chi-Chi, 2-142018.xlsx
T5, Repeat, CCM, 5
of 9, Landers, 2-142018.xlsx
T5, Repeat, CCM, 6
of 9, Loma Prieta 0-1,
2-14-2018.xlsx
T5, Repeat, CCM, 7
of 9, Loma Prieta 0-2,
2-14-2018.xlsx
T5, Repeat, CCM, 8
of 9, Loma Prieta 0-3,
2-14-2018.xlsx
T5, Repeat, CCM, 9
of 9, Loma Prieta 0-4,
2-14-2018.xlsx

14
15
16
17

Model:
TCM;
Soil: dry sandy
Soil; Centripetal
acceleration: 25
T4
g;
Seismic
motion:
four
intensity of Loma
Prieta motion

18
19
20
21
22
23
24

Repeatability
experiment;
Model:
CCM;
Soil: dry sandy
Soil; Centripetal T5
acceleration: 50
g;
Seismic
motion:
all
seismic motions

25
26
27
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28

29

30

Preliminary Test;
Model:
CCM;
Soil: dry sandy
Soil; Centripetal
acceleration: 50 T48
g;
Seismic
motion:
Northridge and
Kobe motion
Preliminary Test;
Model:
TCM;
Soil: dry sandy
Soil; Centripetal
acceleration: 25 T49
g;
Seismic
motion:
Northridge
motion

31
32
33
34
35
36
37
38
39

Model:
Steel
Foundation
Model
(SFM);
Soil: dry sandy
Soil; Centripetal
T6
Chapter 4, acceleration: 50
Seismic
The role of g;
motion:
five
kinematic
seismic motions
interaction
on measured scaled to 0.1 g
seismic
response of
soilfoundationModel: Acrylic
structure
Foundation
systems
Model
(AFM);
Soil: dry sandy
Soil; Centripetal
T7
acceleration: 50
g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g
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CCM,
Double
scaling, Northridge 01 g in 50 g_V1.xlsx
Double_sclae_test_C
CM_kobe_Feb21_20
17_T2.xlsx
The scale factor for
the frequency for the
TCM
experiment
was
implemented
TCM, Double scaling, wrongly.
The
Northridge 0-1 g in 25 problem was fixed
g_, constant g, V2
when
the
main
experiments for the
two-stage
scaling
research
were
performed.
T6, KI, SF, 1 of 5,
Northridge,
3_27_2018.xlsx
T6, KI, SF, 2 of 5,
Loma
Prieta,
3_27_2018.xlsx
The LVDT at the soil
T6, KI, SF, 3 of 5, surface
did
not
Kobe,
record the lateral
3_27_2018.xlsx
deformation of the
T6, KI, SF, 4 of 5, soil.
Chi_Chi,
3_27_2018.xlsx
T6, KI, SF, 5 of 5,
Landers,
3_27_2018.xlsx
T7, KI, AF, 1of5,
Northridge,4_9_2018
Lateral
transfer
.xlsx
functions did not
T7, KI, AF, 2of5,
follow the expected
Loma
trend
due
to
Prieta,4_9_2018.xlsx
significant noise in
T7, KI, AF, 3of5,
the
recorded
Kobe,4_9_2018.xlsx
acceleration
time
T7, KI, AF, 4of5,
histories.
Chi_Chi,4_9_2018.xl
sx

40
41
42
43
44
45
46
47
48

Model: Acrylic
Foundation
Model
(AFM);
Soil: dry sandy
Soil; Centripetal
T8
acceleration: 50
g;
Seismic
motion:
four
intensity of Loma
Prieta motion

Model:
Steel
Foundation
Model
(SFM);
Soil: dry sandy
Soil; Centripetal
T9
acceleration: 50
g;
Seismic
motion:
four
intensity of Loma
Prieta motion

49

50

51

52

Repeatability
experiment;
Model:
Steel
Foundation
Model
(SFM);
Soil: dry sandy
T10
Soil; Centripetal
acceleration: 50
g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g

53

313

T7, KI, AF, 5of5,
Landers,4_9_2018.xl
sx
T8, KI, AF, 1 of 4,
Loma Prieta, 0_1 g,
4_13_2018.xlsx
T8, KI, AF, 2 of 4,
Loma Prieta, 0_2 g,
4_13_2018.xlsx
T8, KI, AF, 3 of 4,
Loma Prieta, 0_3 g,
4_13_2018.xlsx
T8, KI, AF, 4 of 4,
Loma Prieta, 0_4 g,
4_13_2018.xlsx
T9, KI, SF, 1 of 4,
Loma Prieta, 0_1 g,
4_19_2018.xlsx
T9, KI, SF, 2 of 4,
Loma Prieta, 0_2 g,
4_19_2018.xlsx
T9, KI, SF, 3 of 4,
Loma Prieta, 0_3 g,
4_19_2018.xlsx
T9, KI, SF, 4 of 4,
Loma Prieta, 0_4 g,
4_19_2018.xlsx
T10, Repeatability,
KI, SF, 1 of 5,
Northridge,
4_27_2018.xlsx
T10, Repeatability,
KI, SF, 2 of 5, Loma
Prieta,
4_27_2018.xlsx
T10, Repeatability,
KI, SF, 3 of 5,Kobe ,
4_27_2018.xlsx
T10, Repeatability,
KI, SF, 4 of 5,
Chi_Chi,
4_27_2018.xlsx
T10, Repeatability,
KI, SF, 5 of 5,
Landers,
4_27_2018.xlsx

Lateral
transfer
functions did not
follow the expected
trend
due
to
significant noise in
the
recorded
acceleration
time
histories.

54

55

56
57
58

59

Repeatability
experiment;
Model: Acrylic
Foundation
Model
(AFM);
Soil: dry sandy T11
Soil; Centripetal
acceleration: 50
g;
Seismic
motion:
all
seismic motions

60

61

62

63
64
65
66

Repeatability
experiment;
Model:
Steel
Foundation
Model
(SFM);
Soil: dry sandy
T12
Soil; Centripetal
acceleration: 50
g;
Seismic
motion:
four
intensity of Loma
Prieta motion
314

T11, Repeat, KI,
AFM, 1 of 9,
Northridge,
9-182018.xlsx
T11, Repeat, KI,
AFM, 2 of 9, Loma
Prieta
01,
9-182018.xlsx
T11, Repeat, KI,
AFM, 3 of 9, Kobe, 918-2018.xlsx
T11, Repeat, KI,
AFM, 4 of 9, Chi-Chi,
9-18-2018.xlsx
T11, Repeat, KI,
AFM, 5 of 9, Landers,
9-18-2018.xlsx
T11, Repeat, KI,
AFM, 6 of 9, Loma
Preita
01,
9-182018.xlsx
T11, Repeat, KI,
AFM, 7 of 9, Loma
Preita
02,
9-182018.xlsx
T11, Repeat, KI,
AFM, 8 of 9, Loma
Preita
03,
9-182018.xlsx
T11, Repeat, KI,
AFM, 9 of 9, Loma
Preita
04,
9-182018.xlsx
T12, KI, SFM, 1 of 4,
Loma Prieta, 01, 101-2018.xlsx
T12, KI, SFM, 2 of 4,
Loma Prieta, 02, 101-2018.xlsx
T12, KI, SFM, 3 of 4,
Loma Prieta, 03, 101-2018.xlsx
T12, KI, SFM, 4 of 4,
Loma Prieta, 04, 101-2018.xlsx

67
68
69
70
71
72
73
74
75
76
77
78
79
80

81

Model: Reduced
Mass
Steel
Foundation
Model
(RMSFM); Soil:
dry sandy Soil;
T13
Centripetal
acceleration: 50
g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g

Model:
Steel
Foundation
Structure Model
(SFSM); Soil: dry
sandy
Soil,
relative density
T14
80%; Centripetal
acceleration: 50
g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g

Model:
SFSM;
Soil: dry sandy
Soil,
relative
density
80%;
Centripetal
T15
acceleration: 50
g;
Seismic
motion:
four
intensity of Loma
Prieta motion
Model:
SFSM;
Soil: dry sandy
T16
Soil; Centripetal
acceleration: 50
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T13, KI, RMSFM, 1
of 5, Northridge, 102-2018.xlsx
T13, KI, RMSFM, 2
of 5, Loma Prieta, 102-2018.xlsx
T13, KI, RMSFM, 3
of 5, Kobe, 10-22018.xlsx
T13, KI, RMSFM, 4
of 5, Chi-Chi, 10-22018.xlsx
T13, KI, RMSFM, 5
of 5, Landers, 10-22018.xlsx
T14, KI, SFSM, 1 of
5, Northridge, Dr 80,
Oct 10, 2018.xlsx
T14, KI, SFSM, 2 of
5, Loma Prieta, Dr 80,
Oct 10, 2018.xlsx
T14, KI, SFSM, 3 of
5, Kobe, Dr 80, Oct
10, 2018.xlsx
T14, KI, SFSM, 4 of
5, Chi-Chi, Dr 80, Oct
10, 2018.xlsx
T14, KI, SFSM, 5 of
5, Landers, Dr 80, Oct
10, 2018.xlsx
T15, KI, SFSM, 1 of
4, Loma Prieta 01, Dr
80, Oct 13, 2018.xlsx
T15, KI, SFSM, 2 of
4, Loma Prieta 02, Dr
80, Oct 13, 2018.xlsx
T15, KI, SFSM, 3 of
4, Loma Prieta 03, Dr
80, Oct 13, 2018.xlsx
T15, KI, SFSM, 4 of
4, Loma Prieta 04, Dr
80, Oct 13, 2018.xlsx
T16,
II,
SFSM,
Reverse Order,1 of 4,
Loma Prieta 04, 1025-2018.xlsx

82

g;
Seismic
motion:
four
intensity of Loma
Prieta
motion
with reverse order

83

84

85
86
87
88

Model:
No
Model, Free field
test; Soil: dry
sandy
Soil;
Centripetal
T17
acceleration: 50
g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g

89
90
91
92

93

94
95

Model:
SFSM;
Effect
of
structural
vibration on Free
field motion; Soil:
dry sandy Soil;
Centripetal
T18
acceleration: 50
g;
Seismic
motion:
Northridge and
Kobe and reverse
order
Model:
SFM;
Soil: dry sandy
soil,
relative
T19
density
80%;
Centripetal
acceleration: 50
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T16,
II,
SFSM,
Reverse Order,2 of 4,
Loma Prieta 03, 1025-2018.xlsx
T16,
II,
SFSM,
Reverse Order,3 of 4,
Loma Prieta 02, 1025-2018.xlsx
T16,
II,
SFSM,
Reverse Order,4 of 4,
Loma Prieta 01, 1025-2018.xlsx
T17, FFM QC, 1 of 5,
Northridge,
10-302018.xlsx
T17, FFM QC, 2 of 5,
Loma Prieta, 10-302018.xlsx
T17, FFM QC, 3 of 5,
kobe,
10-302018.xlsx
T17, FFM QC, 4 of 5,
Chi-Chi,
10-302018.xlsx
T17, FFM QC, 5 of 5,
Landers,
10-302018.xlsx
T18, FFM QC, 1 of 4,
Northidge,11-22018.xlsx
T18, FFM QC, 2 of 4,
Loma
Prieta,11-22018.xlsx
T18, FFM QC, 3 of 4,
Kobe,11-2-2018.xlsx

The
LVDT
measuring
settlement of
physical model
not work.

for
the
the
did

The
LVDT
measuring
settlement of
physical model
not work.

for
the
the
did

T18, FFM QC, 4 of 4,
Northridge
Repeat,11-22018.xlsx
T19, KI, SFM, Dr 80,
1 of 5, Northridge, 1105-2018.xlsx
T19, KI, SFM, Dr 80,
2 of 5, Loma Prieta,
11-05-2018.xlsx

96

g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g

97
98
99

100

101
102
103
104
105
106
107

Controlling
performance of
sensors; Model:
Steel Foundation
Model
(SFM);
Soil: dry sandy
soil,
relative
T50
density
80%;
Centripetal
acceleration: 50
g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g
Repeatability
experiment;
Model:
SFM;
Soil: dry sandy
soil,
relative
density
80%;
T20
Centripetal
acceleration: 50
g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g
Repeatability
experiment;
Model:
SFM;
T21
Soil: dry sandy
soil,
relative
density
80%;
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T19, KI, SFM, Dr 80,
3 of 5, Kobe, 11-052018.xlsx
T19, KI, SFM, Dr 80,
4 of 5, chi-Chi, 11-052018.xlsx
T19, KI, SFM, Dr 80,
5 of 5, Landers, 1105-2018.xlsx
T19, Wiring QC, 1 of
2 Northridge, 11-72018.xlsx

T19, Wiring QC, 2 of
2
kobe,
11-72018.xlsx

T20, KI, SFM Dr 80,
1 of 5, Northridge, 1110-2018.xlsx
T20, KI, SFM Dr 80,
2 of 5, Loma Prieta,
11-10-2018.xlsx
T20, KI, SFM Dr 80,
3 of 5, Kobe, 11-102018.xlsx
T20, KI, SFM Dr 80,
4 of 5, Chi-Chi, 1110-2018.xlsx
T20, KI, SFM Dr 80,
5 of 5, Landers, 1110-2018.xlsx
T21, KI, SFM, Dr 80,
1 of 4, Loma Prieta
01, 11-13-2018.xlsx
T21, KI, SFM, Dr 80,
2 of 4, Loma Prieta
02, 11-13-2018.xlsx

Centripetal
acceleration: 50
g;
Seismic
motion:
four
intensity of Loma
Prieta motion

108
109
110

Repeatability
experiment;
Model:
SFM;
Soil: dry sandy
Soil; Centripetal
T22
acceleration: 50
g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g

111
112
113
114
115
116
117
118
119
120
121

Chapters 5
and
6;
Effects
of
groundwater
table
fluctuation
on seismic
response of
soilfoundation
systems: site
response
analysis, and
kinematic
interaction

Soil:
Saturated
sandy
soil;
Model:
SFM;
Centripetal
T23
Acceleration: 50
g;
Seismic
motion:
all
seismic motions

122

318

T21, KI, SFM, Dr 80,
3 of 4, Loma Prieta
03, 11-13-2018.xlsx
T21, KI, SFM, Dr 80,
4 of 4, Loma Prieta
04, 11-13-2018.xlsx
T22, KI, SFM, 1 of 5,
Northridge,
11-292018.xlsx
T22, KI, SFM, 2 of 5,
Loma Prieta, 11-292018.xlsx
T22, KI, SFM, 3 of 5,
Kobe,
11-292018.xlsx
T22, KI, SFM, 4 of 5,
Chi-Chi,
11-292018.xlsx
T22, KI, SFM, 5 of 5,
Landers,
11-292018.xlsx
T23, KI, Sat, 1 of 9,
Northridge,
12-282018.xlsx
T23, KI, Sat, 2 of 9,
Loma Prieta 01, 1228-2018.xlsx
T23, KI, Sat, 3 of 9,
Kobe,
12-282018.xlsx
T23, KI, Sat, 4 of 9,
Chi-Chi,
12-282018.xlsx
T23, KI, Sat, 5 of 9,
Landers,
12-282018.xlsx
T23, KI, Sat, 6 of 9,
Loma Prieta 01, 1228-2018.xlsx
T23, KI, Sat, 7 of 9,
Loma Prieta 02, 1228-2018.xlsx
T23, KI, Sat, 8 of 9,
Loma Prieta 03, 1228-2018.xlsx

123
124
125
126
127

Soil: Unsaturated
sandy soil; Depth
of water table:
10.94 m; Model:
SFM; Centripetal
T24
acceleration: 50
g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g

128
129
130
131
132
133
134
135
136
137

Soil: Unsaturated
sandy soil; Depth
of water table: 1.9 T25
m; Model: SFM;
Centripetal
acceleration: 50
g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g
Soil: Unsaturated
sandy soil; Depth
of water table:
3.69 m; Model:
SFM; Centripetal
acceleration: 50
g;
Seismic
motion:
five T26
seismic motions
scaled to 0.1 g

138

319

T23, KI, Sat, 9 of 9,
Loma Prieta 04, 1228-2018.xlsx
T24, KI, Unsat, 1 of 5,
Northridge,
1-82019.xlsx
T24, KI, Unsat, 2 of 5,
Loma Prieta, 1-82019.xlsx
T24, KI, Unsat, 3 of 5,
Kobe, 1-8-2019.xlsx
T24, KI, Unsat, 4 of 5,
Chi-Chi,
1-82019.xlsx
T24, KI, Unsat, 5 of 5,
Landers,
1-82019.xlsx
T25, KI, Unsat, 1 of 5,
Northrdige,1-152019.xlsx
T25, KI, Unsat, 2 of 5,
Loma
Prieta,1-152019.xlsx
T25, KI, Unsat, 3 of 5,
Kobe,1-15-2019.xlsx
T25, KI, Unsat, 4 of 5,
Chi-Chi,1-152019.xlsx
T25, KI, Unsat, 5 of 5,
Landers,1-152019.xlsx
T26, KI, Unsat, 1 of 5,
Northridge,1-192019.xlsx
T26, KI, Unsat, 2 of 5,
Loma
Prieta,1-192019.xlsx
T26, KI, Unsat, 3 of 5,
Kobe,1-19-2019.xlsx
T26, KI, Unsat, 4 of 5,
Chi-Chi,1-192019.xlsx
T26, KI, Unsat, 5 of 5,
Landers,1-192019.xlsx

When the hydraulic
system
of
the
centrifuge
was
turned on, the shake
table
hit
the
specimen to the end
of the side of the
shake table due to a
technical issue. The
problem was solved,
and the test was
repeated.

139
140
141
142

Soil: Unsaturated
sandy soil; Depth
of water table:
16.92 m; Model:
SFM; Centripetal
T27
acceleration: 50
g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g

143

144

Soil: Unsaturated
sandy soil; Depth
of water table: 1
m; Model: SFM;
Centripetal
T28
acceleration: 50
g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g

145
146
147
148

Soil: Unsaturated
sandy soil; Depth
of water table:
4.86 m; Model:
SFM; Centripetal
T29
acceleration: 50
g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g

149
150
151

Soil: Unsaturated
sandy soil; Depth
of water table:
T30
1.96 m; Model:
SFM; Centripetal
acceleration: 50
320

T27, KI, Unsat, 1 of 5,
Northridge,1-252019.xlsx
T27, KI, Unsat, 2 of 5,
Loma
Prieta,1-252019.xlsx
T27, KI, Unsat, 3 of 5,
Kobe,1-25-2019.xlsx
T27, KI, Unsat, 4 of 5,
Chi-Chi,1-252019.xlsx
T27, KI, Unsat, 5 of 5,
Landers,1-252019.xlsx

When the hydraulic
system
of
the
centrifuge
was
turned on, the shake
table
hit
the
specimen to the end
of the side of the
shake table due to a
technical issue. The
problem was solved,
and the test was
repeated.

N/A

When the hydraulic
system
of
the
centrifuge
was
turned on, the shake
table
hit
the
specimen to the end
of the side of the
shake table due to a
technical issue. The
problem was solved,
and the test was
repeated.

T29, KI, Unsat, 1 of 5,
Northridge,
2-12019.xlsx
T29, KI, Unsat, 2 of 5,
Loma Prieta, 2-12019.xlsx
T29, KI, Unsat, 3 of 5,
Kobe, 2-1-2019.xlsx
T29, KI, Unsat, 4 of 5,
Chi-Chi,
2-12019.xlsx
T29, KI, Unsat, 5 of 5,
Landers,
2-12019.xlsx
T30, KI, 1 of 5, Unsat,
Northridge,
2-82019.xlsx
T30, KI, 2 of 5, Unsat,
Loma Prieta, 2-82019.xlsx

152
153

g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g

154
155

156

157
158

Soil:
Saturated
sandy soil with
metolose; Model:
SFM; Centripetal
acceleration: 50 T31
g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g

159
160
161
162
163

Soil:
saturated
silty sand soil;
Model:
SFM;
Centripetal
acceleration: 50 T32
g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g

164
165
166

Repeatability test;
Soil:
Saturated
sandy
soil;
T33
Model:
SFM;
Centripetal
Acceleration: 50
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T30, KI, 3 of 5, Unsat,
Kobe, 2-8-2019.xlsx
T30, KI, 4 of 5, Unsat,
Chi-Chi,
2-82019.xlsx
T30, KI, 5 of 5, Unsat,
Landers,
2-82019.xlsx
T31, KI, 1 of 5,
Met_Sat, Northridge,
2-18-2019.xlsx
T31, KI, 2 of 5,
Met_Sat,
Loma
Prieta,
2-182019.xlsx
T31, KI, 3 of 5,
Met_Sat, Kobe, 2-182019.xlsx
T31, KI, 4 of 5,
Met_Sat, Chi-Chi, 218-2019.xlsx
T31, KI, 5 of 5,
Met_Sat, Landers, 218-2019.xlsx
T32, KI, 1 of 5, Silt,
Sat, Northridge, 2-122019.xlsx
T32, KI, 2 of 5, Silt,
Sat, Loma Prieta, 212-2019.xlsx
T32, KI, 3 of 5, Silt,
Sat, Kobe, 2-122019.xlsx
T32, KI, 4 of 5, Silt,
Sat, Chi-Chi, 2-122019.xlsx
T32, KI, 5 of 5, Silt,
Sat, Landers, 2-122019.xlsx
T33, KI, Sat, 1 of 5,
Northridge,
2-62019.xlsx
T33, KI, Sat, 2 of 5,
Loma Prieta, 2-262019.xlsx

167

g;
Seismic
motion:
all
seismic motions

168
169
170
171
172
173

Soil: unsaturated
silty sand soil;
Depth of water
table: 7.05 m
Model:
SFM;
Centripetal
T34
acceleration: 50
g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g

174
175
176
177
178

Soil: dry silty
sand soil; Model:
SFM; Centripetal
Acceleration: 50
T35
g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g

179
180
181

Soil:
metolose
unsaturated silty
sand soil; Depth
T36
of the metolose:
4.69 m Model:
SFM; Centripetal
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T33, KI, Sat, 3 of 5,
Kobe, 2-26-2019.xlsx
T33, KI, Sat, 4 of 5,
Chi-Chi,
2-262019.xlsx
T33, KI, Sat, 5 of 5,
Landers,
2-262019.xlsx
T34, KI, Silt, Unsat, 1
of 5, Northridge,
3_5_2019.xlsx
T34, KI, Silt, Unsat, 2
of 5, Loma Prieta,
3_5_2019.xlsx
T34, KI, Silt, Unsat, 3
of
5,
Kobe,
3_5_2019.xlsx
T34, KI, Silt, Unsat, 4
of
5,
Chi-Chi,
3_5_2019.xlsx
T34, KI, Silt, Unsat, 5
of
5,
Landers,
3_5_2019.xlsx
T35, KI, Silt, Dry, 1
of 5, Northridge, 3-82019.xlsx
T35, KI, Silt, Dry, 2
of 5, Loma Prieta, 38-2019.xlsx
T35, KI, Silt, Dry, 3
of 5, Kobe, 3-82019.xlsx
T35, KI, Silt, Dry, 4
of 5, Chi-Chi, 3-82019.xlsx
T35, KI, Silt, Dry, 5
of 5, Landers, 3-82019.xlsx
T36, KI, Met Unsat, 1
of 5, Northridge, 319-2019.xlsx
T36, KI, Met Unsat, 2
of 5, Loma Prieta, 319-2019.xlsx

182
183

acceleration: 50
g;
Seismic
motion:
five
seismic motions
scaled to 0.1 g

184

185

186

Soil:
CRREL
saturated Sand;
Centripetal
acceleration: 50
T37
g;
Seismic
motion:
Loma
Prieta 0.2 and 0.3
g

187
188
Centrifuge
189 modeling
and
liquefaction
190 susceptibility
project
191

Soil:
CRREL
saturated Sand;
Centripetal
Acceleration
: T38
52.6 g; Seismic
motion: a suite of
seismic motions

192
193

194
195

Soil:
CRREL
metolose
saturated Sand;
T39
Centripetal
Acceleration
:
54.4 g; Seismic
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T36, KI, Met Unsat, 3
of 5, Kobe, 3-192019.xlsx
T36, KI, Met Unsat, 4
of 5, Chi-Chi, 3-192019.xlsx
T36, KI, Met Unsat, 5
of 5, Landers, 3-192019.xlsx
T37, CREEL SAND,
1 of 2, Water Sat,
Virtual 52-6g, Loma
Priea
02,
4-192019.xlsx
T37, CREEL SAND,
2 of 2, Water Sat,
Loma Priea 03, 4-192019.xlsx
T38, Creel Sand, 1 of
7, Loma Prieta 0-2 g,
4-27-2019.xlsx
T38, Creel Sand, 2 of
7, Northridge 0-2, 427-2019.xlsx
T38, Creel Sand, 3 of
7, Northridge 0-3, 427-2019.xlsx
T38, Creel Sand, 4 of
7, Kobe 0-3, 4-272019.xlsx
T38, Creel Sand, 5 of
7, Chi-Chi 0-3, 4-272019.xlsx
T38, Creel Sand, 6 of
7, Landers 0-3, 4-272019.xlsx
T38, Creel Sand, 7 of
7, Loma Prieta 0-4, 427-2019.xlsx
T39, CRREL sand,
Metolose, 1 of 6,
Loma Prieta 0-3 g, 58-2019.xlsx
T39, CRREL sand,
Metolose, 2 of 6,

motion: a suite of
seismic motions
196

197

198

199

200

201

202
203

Soil:
CRREL
saturated
silty
sand; Centripetal
acceleration: 55.2 T40
g;
Seismic
motion: a suite of
seismic motions

204

205

206
207

Soil:
CRREL
saturated
silty
sand; with chill
T41
shot surcharge;
Centripetal
acceleration: 54
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Northridge 0-3g, 5-82019.xlsx
T39, CRREL sand,
Metolose, 3 of 6,
Kobe 0-3g, 5-82019.xlsx
T39, CRREL sand,
Metolose, 4 of 6, ChiChi
0-3g,
5-82019.xlsx
T39, CRREL sand,
Metolose, 5 of 6,
Landers 0-3g, 5-82019.xlsx
T39, CRREL sand,
Metolose, 6 of 6,
Loma Prieta 0-4g, 58-2019.xlsx
T40, CRREL silty
sand, 1 of 6, Loma
Prieta 0-3, 5-152019.xlsx
T40, CRREL silty
sand,
2
of
6,
Northridge 0-3, 5-152019.xlsx
T40, CRREL silty
sand, 3 of 6, Kobe 03, 5-15-2019.xlsx
T40, CRREL silty
sand, 4 of 6, Chi-Chi
0-3, 5-15-2019.xlsx
T40, CRREL silty
sand, 5 of 6, Landers
0-3, 5-15-2019.xlsx
T40, CRREL silty
sand, 6 of 6, Loma
Prieta 0-3, 5-152019.xlsx
T41, CRREL Silt
Sand, Chill Shot, 1 of
6, Loma Prieta 0-3, 525-2019.xlsx
T41, CRREL Silt
Sand, Chill Shot, 2 of

g;
Seismic
motion: a suite of
seismic motions
208

209

210

211

212

213

214

215

Soil:
CRREL
saturated
silty
sand; with chill
shot surcharge;
Centripetal
T42
acceleration: 53.8
g;
Seismic
motion: a suite of
seismic motions

216

217
Chapter 12;
A review on
218
soil-Water
retention

Capillary
rise
experiment; Soil:
T43
Ottawa
sand;
Centripetal
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6, Northridge 0-3, 525-2019.xlsx
T41, CRREL Silt
Sand, Chill Shot, 3 of
6, Kobe 0-3, 5-252019.xlsx
T41, CRREL Silt
Sand, Chill Shot, 4 of
6, Chi-Chi 0-3, 5-252019.xlsx
T41, CRREL Silt
Sand, Chill Shot, 5 of
6, Landers 0-3, 5-252019.xlsx
T41, CRREL Silt
Sand, Chill Shot, 6 of
6, Loma Prieta 0-4, 525-2019.xlsx
T42,
CRREL
Layered, Surcharge, 1
of 6, Loma Prieta 03,
6_3_2019.xlsx
T42,
CRREL
Layered, Surcharge, 2
of 6, Northridge 03,
6_3_2019.xlsx
T42,
CRREL
Layered, Surcharge, 3
of 6, Kobe 03,
6_3_2019.xlsx
T42,
CRREL
Layered, Surcharge, 4
of 6, Chi Chi 03,
6_3_2019.xlsx
T42,
CRREL
Layered, Surcharge, 5
of 6, Landers 03,
6_3_2019.xlsx
T42,
CRREL
Layered, Surcharge, 6
of 6, Loma Prieta 04,
6_3_2019.xlsx
Capillary
Test,
Ottawa Sand, 1-1117.xlsx

scaling
in
centrifuge
modeling of
unsaturated
sands
219

acceleration:
various g-level
Infiltration
technique
experiment; Soil:
Ottawa
sand; T44
Centripetal
acceleration:
various g-level

Infiltration
technique
experiment; Soil:
220
Ottawa
sand; T45
Centripetal
acceleration:
various g-level
Soil:
saturated
Ottawa
sand;
221 Application
T46
Centripetal
of
cone
acceleration: 50g
penetrometer
Soil: unsaturated
for
Ottawa
sand;
unsaturated
Infiltration
soils inside
222
technique
T47
geotechnical
experiment;
centrifuge
Centripetal
acceleration: 50g
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The test was not
successful.
The
Suction
Scaling- distribution of pore
Dischage2-9-9pressure sensor was
16.xlsx
not close enough to
capture SWRC of the
soil.

Third Test, Discharge
7- 10-7-16.xlsx

Saturated_Soil_CPT_
6_23_2017.xlsx

Unsaturated_Soil_CP
T_6_22_2017.xlsx

12.6.2. Other laboratory tests
The previous section summarized the centrifuge experiments, which the author has done during
his Ph.D. studies. The author also has performed other laboratory tests such as permeability tests,
sieve tests, modal hammer tests, and tensiometer tests, as a part of his Ph.D. research. These tests
are summarized in Table 12-5.

Table 12-5. Description of the laboratory tests, which the author performed as a part of his Ph.D. research.

Laboratory test
Constant head test

The goal of the test is to:
Measure
hydraulic
permeability of the soils,
used in the research.

Sieve test

Description
Table 3-1 provides the hydraulic
permeability of the sand and the silty sand;
moreover, Figure 3-8 shows the test setup,
used to conduct the constant head test.

Measure
the
grain Figure 3-7 shows the grain size distribution
distribution curve of the of the soils used in this research. It should be
soils.
emphasized that the author measured the
grain size distributions of the sand and the
silty soils by conducting sieve test; however,
the grain size distribution of the silt was
estimated based on the data provided by the
producer of the soil (Sheffield Pottery,
2019).
Modal hammer test Measure the fixed-base Figure 3-25 shows the test setup for
natural frequency of the measuring the fixed-based natural frequency
physical models.
of the steel foundation structure model;
furthermore, Figure 3-26 demonstrates the
results of the experiment. It is worth
mentioning that Chapter 3, Section 3.10.3,
explains the model hammer test.
Tensiometer test
Measure the Soil Water Figure 3-10 shows the apparatus used to
Retention Curve (SWRC) measure the SWRC of the soils. The results
of the soils.
of the measurements are displayed in Figure
3-9.
Chapter 3, Section 3.4 explains the
tensiometer test.
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12.6.3. Computer codes
Table 12-6 summarizes the computer programs which the author wrote to perform and analyze the
experiments for his dissertation.
Table 12-6. Description of the computer programs, developed by the author to perform and analyze the
experiments for this research.

Name of the computer The goal of the code is to: Description of the code
code
Data_Analyzer_Amin2000
• Analyze
the
• The code was written in the
_V116
centrifuge
MATLAB language.
experiments.
• The code reads the time
• Plot the results of
histories, measured during the
the analyses.
centrifuge experiments, from
excel files. Then, it converts
data from the model scale to
the prototype scale.
• The code uses more than 450
subroutines,
written
in
MATLAB
language,
to
analyze the experiments and
uses
more
than
130
subroutines to plot the results.
• The code analyzes the
experiments in terms of:
o Seismic site response
o Kinematic interaction
o Inertial interaction
o Generation
and
dissipation of the pore
water pressure.
Shaking_table_calibration_
• Calibrate of the
• The code was written in the
V69
shake table of the
MATLAB language, based on
centrifuge
to
the procedure, developed by
generate
target
Mason (2010) to calibrate the
seismic motions.
shake table of the centrifuge.
And, it was developed based
on the code, written by
Morteza Mirshekari.
• Chapter 3, Section 3.11,
describes the procedure.
• The code uses 73 subroutines
to analyze the experiments
and plot the results.
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•

Main_Water_Table_Monit
or_V11

•

Monitor the depth
of the groundwater
table during the
centrifuge
experiments.

•
•

•
Accelerometer_NI

•

Record acceleration
time history using a
series
of
accelerometer, used
in
the
modal
hammer test.
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•
•

The code can be easily used to
calibrate the shake table,
while a specimen is being
spun in the centrifuge.
The code was written in the
MATLAB language.
The code uses the recording
of the pore pressure sensors to
find the depth of the
groundwater table when a soil
specimen is being spun in a
centrifuge.
The code uses 4 subroutines
to analyze the experiments
and plot the plots the results.
The code was written in the
LabVIEW language.
For the modal hammer test,
the physical model was
instrumented with a series of
accelerometers.
The
accelerometers
were
connected
to
a
data
acquisition system. The code
was developed to record the
measurements of the sensors
when the physical models
were hit by the modal
hammer.

CHAPTER 13

13. REFERENCES

Abrahamson, N.A., Schneider, J.F. & Stepp, J.C. (1991). Empirical Spatial Coherency Functions
for Application to Soil‐Structure Interaction Analyses, Earthquake Spectra 7, No. 1, 1-27.
Allmond, J. & Wilson, D.W. (2012). Analysis and comparison of various pore pressure
transducers implemented in the JDA02 centrifuge test, University of California at Davis,
Davis, California.
Apsel, R.J. & Luco, J.E. (1987). Impedance functions for foundations embedded in a layered
medium: an integral equation approach, Earthquake Engineering & Structural Dynamics 15,
No. 2, 213-231.
Arias, A. (1970). A measure of earthquake intensity, The Mass Inst. Tech. Press., Cambridge,
MA., 438-483.
Arulanandan, K., Thompson, P.Y., Kutter, B.L., Meegoda, N.J., Muraleetharan, K.K. &
Yogachandran, C. (1988). Centrifuge modeling of transport processes for pollutants in soils,
Journal of Geotechnical Engineering 114, No. 2, 185-205.
ASCE (2016). ASCE/SEI 7-16, minimum design loads and associated criteria for buildings and
other structures, American Society of Civil Engineers, Reston, Virginia.
ASCE (2010). ASCE/SEI 7-10, minimum design loads for buildings and other structures,
American Society of Civil Engineers, Reston, Virginia.
ASTM (2006). D445: standard test method for kinematic viscosity of transparent and opaque
liquids (and calculation of dynamic viscosity), American Society for Testing and Materials,
West Conshohocken, PA (USA).
ASTM D2487-11 (2011). Standard practice for classification of soils for engineering purposes
(Unified Soil Classification System), ASTM International, West Conshohocken, PA, 1-12.

330

ASTM, D. (2008). Standard test methods for determination of the soil water characteristic curve
for desorption using a hanging column, pressure extractor, chilled mirror hygrometer, and/or
centrifuge, D6836.
Barry, D.A., Lisle, I.G., Li, L., Prommer, H., Parlange, J., Sander, G.C. & Griffioen, J.W.
(2001). Similitude applied to centrifugal scaling of unsaturated flow, Water Resources
Research 37, No. 10, 2471-2479.
Bear, J., Corapcioglu, M.Y. & Balakrishna, J. (1984). Modeling of centrifugal filtration in
unsaturated deformable porous media, Advances in Water Resources 7, No. 4, 150-167.
Bishop, A.W. (1959). The principle of effective stress, Teknisk Ukeblad I Samarbeide Med
Teknikk 39, No. 106, 859-863.
Bolt, B.A., Tsai, Y.B., Yeh, K. & Hsu, M.K. (1982). Earthquake strong motions recorded by a
large near‐source array of digital seismographs, Earthquake Engineering & Structural
Dynamics 10, No. 4, 561-573.
Borcherdt, R.D. (1994). Estimates of site-dependent response spectra for design (methodology
and justification), Earthquake Spectra 10, 617.
Borghei, A. & Ghayoomi, M. (2019a). Centrifuge tests to evaluate dynamic impedance functions
of square surface foundation, 7th International Conference on Earthquake Geotechnical
Engineering, Rome, Italy, 1-8.
Borghei, A. & Ghayoomi, M. (2019b). Evaluation of two-stage scaling in physical modeling of
soil-foundation-structure systems, International Journal of Physical Modelling in
Geotechnics (submitted).
Borghei, A. & Ghayoomi, M. (2019c). The role of kinematic interaction on measured seismic
response of soil-foundation-structure systems, Soil Dynamics and Earthquake Engineering
125, No. 1, 1-11.
Borghei, A. & Ghayoomi, M. (2018a). Centrifuge modeling to evaluate kinematic soilfoundation-structure interaction, 5th Geotechnical Earthquake Engineering and Soil
Dynamics (GEESDV), Austin, Texas, USA, 1-6.
Borghei, A. & Ghayoomi, M. (2018b). Experimental evaluation of two-stage scaling in physical
modeling of soil-foundation-structure systems, 9th International Conference on Physical
Modelling in Geotechnics (ICPMG), Leiden, the Netherlands, 1-6.
Borghei, A., Ghayoomi, M. & Turner, M. (2019a). Centrifuge tests to evaluate seismic
settlement of shallow foundations on unsaturated silty sand, Geo-congress 2020,
Minneapolis, Minnesota (under-review).

331

Borghei, A., Ghayoomi, M. & Turner, M. (2019b). Effects of groundwater level on seismic
response of soil-foundation systems, Journal of Geotechnical and Geoenvironmental
Engineering (submitting).
BSSC (2015). National earthquake hazards reduction program recommended provisions for
seismic regulation for new buildings and other structures, Federal Emergency Management
Agency, Washington, D.C.
BSSC (2009). National earthquake hazards reduction program recommended provisions for
seismic regulation for new buildings and other structures, Federal Emergency Management
Agency, Washington, D.C.
BSSC (2003). National earthquake hazards reduction program recommended provisions for
seismic regulation for new buildings and other structures, Federal Emergency Management
Agency, Washington, D.C.
Burkhart, S., Davies, M., Depountis, N., Harris, C. & Williams, K.P. (2000). Scaling laws for
infiltration and drainage tests using a Geotechnical Centrifuge, Proc., Int. Symp. on Physical
Modeling and Testing in Environmental Geotechnics, 191-198.
Butterfield, R. (1999). Dimensional analysis for geotechnical engineers, Geotechnique 49, No. 3,
357-366.
Caicedo, B. & Thorel, L. (2014). Centrifuge modelling of unsaturated soils, Journal of GeoEngineering Sciences 2, No. 1-2, 83-103.
Cargill, K.W. & Ko, H. (1983). Centrifugal modeling of transient water flow, Journal of
Geotechnical Engineering 109, No. 4, 536-555.
Chopra, A.K. (1995). Dynamics of structures: theory and applications to earthquake
engineering, Englewood Cliffs, NJ: Prentice Hall.
Conca, J.L. & Wright, J. (1990). Diffusion coefficients in gravel under unsaturated conditions,
Water Resources Research 26, No. 5, 1055-1066.
Cooke, B. & Mitchell, R.J. (1991). Physical modelling of a dissolved contaminant in an
unsaturated sand, Canadian Geotechnical Journal 28, No. 6, 829-833.
Craig, W. (1984). Centrifuge modelling for site specific prototypes, Proceedings of a symposium
on the application of centrifuge modelling to geotechnical design, Rotterdam, 473-489.
Crançon, P., Guy, C., Pili, E., Dutheil, S. & Gaudet, J.P. (2000). Modelling of capillary rise and
water retention in centrifuge tests using time domain reflectometry, Proceeding of the
International Symposium on Physical Modelling and Testing in Environmental Geotechnics,
199-206.
332

Crouse, C.B., Hushmand, B., Luco, J.E. & Wong, H.L. (1990a). Foundation impedance
functions: Theory versus experiment, Journal of Geotechnical Engineering 116, No. 3, 432449.
Crouse, C.B., Hushmand, B., Luco, J.E. & Wong, H.L. (1990b). Foundation impedance
functions: theory versus experiment, Journal of Geotechnical Engineering 116, No. 3, 432449.
Crouse, C.B., Liang, G.C. & Martin, G.R. (1985). Experimental foundation impedance functions,
Journal of Geotechnical Engineering 111, No. 6, 819-822.
Crouse, C.B. & McGuire, J. (2001). Energy dissipation in soil-structure interaction, Earthquake
Spectra 17, No. 2, 235-259.
Das, B.M. (2010). Principles of Geotechnical Engineering, 7th ed., Connecticut, USA: Cengage
learning.
Dashti, S., Bray, J.D., Pestana, J.M., Riemer, M. & Wilson, D. (2009). Centrifuge testing to
evaluate and mitigate liquefaction-induced building settlement mechanisms, Journal of
Geotechnical and Geoenvironmental Engineering 136, No. 7, 918-929.
Day, S.M. (1978). Seismic response of embedded foundations, , Chicagp, IL.
Dell'Avanzi, E., Zornberg, J.G. & Cabral, A.R. (2004). Suction profiles and scale factors for
unsaturated flow under increased gravitational field, Soils and Foundations 44, No. 3, 7989.
Depountis, N., Harris, C. & Davies, M. (2001). An assessment of miniaturised electrical imaging
equipment to monitor pollution plume evolution in scaled centrifuge modelling,
Engineering Geology 60, No. 1-4, 83-94.
Der, Z.A., Shumway, R.H. & Lees, A.C. (1988). Frequency domain coherent processing of
regional seismic signals at small arrays, Bulletin of the Seismological Society of America 78,
No. 1, 326-338.
Deshpande, S. & Muraleetharan, K.K. (1998). Dynamic behavior of unsaturated soil
embankments, Geotechnical Earthquake Engineering and Soil Dynamics III, 890-901.
Dewoolkar, M.M., Ko, H., Stadler, A.T. & Astaneh, S. (1999). A substitute pore fluid for seismic
centrifuge modeling, Geotechnical Testing Journal 22, No. 3, 196-210.
Elsabee, F. & Morray, J.P. (1977). Dynamic behavior of embedded foundations, Massachusetts
Institute of Technology, Department of Civil Engineering, Cambridge, Mass.
Esposito, G. (2000). Centrifuge simulation of light hydrocarbon spill in partially saturated Dutch
Dune Sand, Bulletin of Engineering Geology and the Environment 58, No. 2, 89-93.
333

Findlay, A. (1917). Practical physical chemistry Longmans, Green and Company.
Fisherbrand (2019), , Fisherbrand™ Glass Kinematic Viscometer Tubes. Available:
https://www.fishersci.com/shop/products/fisherbrand-glass-kinematic-viscometer-tubes-315cst-astm-100-uncalibrated-glass/13616c.
Fredlund, D.G. & Rahardjo, H. (1993). Soil mechanics for unsaturated soils, New York, USA:
John Wiley & Sons.
Gardner, R. (1937). A method of measuring the capillary tension of soil moisture over a wide
moisture range, Soil Science 43, No. 4, 277-284.
Gardner, W.R. (1958). Some steady-state solutions of the unsaturated moisture flow equation
with application to evaporation from a water table, Soil Science 85, No. 4, 228-232.
Garnier, J., Gaudin, C., Springman, S.M., Culligan, P.J., Goodings, D., Konig, D., Kutter, B.,
Phillips, R., Randolph, M.F. & Thorel, L. (2007). Catalogue of scaling laws and similitude
questions in geotechnical centrifuge modelling, International Journal of Physical Modelling
in Geotechnics 7, No. 3, 1-23.
Ghayoomi, M. & Dashti, S. (2015). Effect of ground motion characteristics on seismic soilfoundation-structure interaction, Earthquake Spectra 31, No. 3, 1789-1812.
Ghayoomi, M., Ghadirianniari, S., Khosravi, A. & Mirshekari, M. (2018). Seismic behavior of
pile-supported systems in unsaturated sand, Soil Dynamics and Earthquake Engineering
112, 162-173.
Ghayoomi, M., Jarast, P., Mirshekari, M. & Borghei, A. (2018). Application of Cone
Penetrometer for Unsaturated Soils inside Geotechnical Centrifuge, 7th International
Conference on Unsaturated Soils (UNSAT2018), Hong Kong, 1-6.
Ghayoomi, M. & McCartney, J.S. (2011). Measurement of small-strain shear moduli of partially
saturated sand during infiltration in a geotechnical centrifuge, Geotechnical Testing Journal
34, No. 5, 503-513.
Ghayoomi, M., McCartney, J.S. & Ko, H. (2013). Empirical methodology to estimate
seismically induced settlement of partially saturated sand, Journal of Geotechnical and
Geoenvironmental Engineering 139, No. 3, 367-376.
Ghayoomi, M., McCartney, J. & Ko, H. (2011). Centrifuge test to assess the seismic
compression of partially saturated sand layers, Geotechnical Testing Journal 34, No. 4, 321331.
Ghayoomi, M., Suprunenko, G. & Mirshekari, M. (2017). Cyclic triaxial test to measure straindependent shear modulus of unsaturated sand, International Journal of Geomechanics 17,
No. 9, 04017043.
334

Ghayoomi, M. & Wadsworth, S. (2014). Renovation and reoperation of a geotechnical centrifuge
at the University of New Hampshire, &nbsp;8th International Conference on Physical
Modelling in Geotechnics, Perth, Australia, 201-205.
Goforth, G.F., Townsend, F.C. & Bloomquist, D. (1991). Saturated and unsaturated fluid flow in
a centrifuge, presented
at the International Conference Centrifuge 1991, 91, 497-502.
Goodings, D.J. (1982). Relationships for centrifugal modelling of seepage and surface flow
effects on embankment dams, Géotechnique 32, No. 2, 149-152.
Hassler, G.L. & Brunner, E. (1945). Measurement of capillary pressures in small core samples,
Trans.AIME 160, No. 1, 114-123.
Hilf, J.W. (1956). An investigation of pore water pressure in compacted cohesive soils, Bureau
of Reclamation /US, 109.
Hoshiya, M. & Ishii, K. (1983). Evaluation of kinematic interaction of soil-foundation systems
by a stochastic model, International Journal of Soil Dynamics and Earthquake Engineering
2, No. 3, 128-134.
Hoyos, L.R., Cruz, J.A., Puppala, A.J., Douglas, W.A. & Suescún, E.A. (2013). Dynamic shear
modulus and damping of compacted silty sand via suction-controlled resonant column
testing, Proceedings of the 18th International Conference on Soil Mechanics and
Geotechnical Engineering, Paris, 1125-1128.
Hoyos, L.R., Suescún-Florez, E.A. & Puppala, A.J. (2015). Stiffness of intermediate unsaturated
soil from simultaneous suction-controlled resonant column and bender element testing,
Engineering Geology 188, 10-28.
Hushmand, B., Scott, R.F. & Crouse, C.B. (1988). Centrifuge liquefaction tests in a laminar box,
Géotechnique 38, No. 2, 253-262.
Iai, S. (1989). Similitude for shaking table tests on soil-structure-fluid model in 1g gravitational
field, Soils and Foundations 29, No. 1, 105-118.
Iai, S., Tobita, T. & Nakahara, T. (2005). Generalised scaling relations for dynamic centrifuge
tests, Géotechnique 55, No. 5, 355-362.
Idriss, I.M. & Seed, H.B. (1968). Seismic response of horizontal soil layers, Journal of the Soil
Mechanics and Foundations Division 94, No. 4, 1003-1031.
Kausel, E. (1974), Forced vibrations of circular foundations on layered media, Massachusetts
Institute of Technology.

335

Kausel, E., Whitman, R.V., Morray, J.P. & Elsabee, F. (1978). The spring method for embedded
foundations, Nuclear Engineering and Design 48, No. 2-3, 377-392.
Khanzode, R.M., Vanapalli, S.K. & Fredlund, D.G. (2002). Measurement of soil-water
characteristic curves for fine-grained soils using a small-scale centrifuge, Canadian
geotechnical journal 39, No. 5, 1209-1217.
Kim, S. (2001), Calibration of simple models for seismic soil -structure interaction from field
performance data, University of California, Los angles.
Kim, S. & Stewart, J.P. (2003). Kinematic soil-structure interaction from strong motion
recordings, Journal of Geotechnical and Geoenvironmental Engineering 129, No. 4, 323335.
Kizito, F., Campbell, C.S., Campbell, G.S., Cobos, D.R., Teare, B.L., Carter, B. & Hopmans,
J.W. (2008). Frequency, electrical conductivity and temperature analysis of a low-cost
capacitance soil moisture sensor, Journal of Hydrology 352, No. 3-4, 367-378.
Knight, M.A., Cooke, A.B. & Mitchell, R.J. (2000). Scaling of movement and fate of
contaminant releases in the vadose zone by centrifuge modeling, , La Baule, France,
Laboratoire Central des Ponts et Chaussées, Paris, France, 233-242.
Knight, M.A. & Mitchell, R.J. (1997). Modelling of light nonaqueous phase liquid (LNAPL)
releases into unsaturated sand, Canadian Geotechnical Journal 33, No. 6, 913-925.
Kramer, S.L. (1996). Geotechnical Earthquake Engineering, Upper Saddle River, New Jersey:
Prentice Hall.
Lalanne, C. (2010). Mechanical Vibration and Shock Analysis, Random Vibration, third ed., NJ,
USA: John Wiley and Sons, Inc.
Le, K.N. & Ghayoomi, M. (2017). Cyclic direct simple shear test to measure strain-dependent
dynamic properties of unsaturated sand, Geotechnical Testing Journal 40, No. 3, 381-395.
Lin, A.N. & Jennings, P.C. (1984). Effect of embedment on foundation-soil impedances, Journal
of Engineering Mechanics 110, No. 7, 1060-1075.
Lord, A.E. (1999). Capillary flow in the geotechnical centrifuge, Geotechnical Testing Journal
22, No. 4, 292-300.
Lu, N. & Likos, W.J. (2006). Suction stress characteristic curve for unsaturated soil, Journal of
Geotechnical and Geoenvironmental Engineering 132, No. 2, 131-142.
Lu, N. & Likos, W.J. (2004). Unsaturated soil mechanics, Hoboken, N.J: Wiley.

336

Luco, J.E. & Wong, H.L. (1986). Response of a rigid foundation to a spatially random ground
motion, Earthquake Engineering & Structural Dynamics 14, No. 6, 891-908.
Malengier, B., Di Emidio, G., Peiffer, H., Ciocci, M. & Kišon, P. (2015). Unsaturated
permeability and retention curve determination from in-flight weight measurements in a
bench-scale centrifuge, Geotechnical Testing Journal 38, No. 2, 243-254.
Mason, H.B., Kutter, B.L., Bray, J.D., Wilson, D.W. & Choy, B.Y. (2010). Earthquake motion
selection and calibration for use in a geotechnical centrifuge, 7th International Conference
on Physical Modeling in Geotechnics, Leiden, the Netherlands, 361-366.
McCartney, J.S. & Zornberg, J.G. (2010). Centrifuge permeameter for unsaturated soils. II:
Measurement of the hydraulic characteristics of an unsaturated clay, Journal of
Geotechnical and Geoenvironmental Engineering 136, No. 8, 1064-1076.
McLane, J.W. (1907). The moisture equivalents of soils US Government Printing Office.
Menq, F. (2003), Dynamic properties of sandy and gravelly soils, The University of Texas at
Austin.
Mikami, A., Stewart, J.P. & Kamiyama, M. (2008). Effects of time series analysis protocols on
transfer functions calculated from earthquake accelerograms, Soil Dynamics and
Earthquake Engineering 28, No. 9, 695-706.
Mikami, A., Stewart, J.P., Ostadan, F. & Crouse, C.B. (2006). Representation of ground motion
incoherence for the analysis of kinematic soil-structure interaction, Proceedings, San
Francisco, CA, 1071.
Mirshekari, M. & Ghayoomi, M. (2017). Centrifuge tests to assess seismic site response of
partially saturated sand layers, Soil Dynamics and Earthquake Engineering 94, 254-265.
Mirshekari, M. & Ghayoomi, M. (2015). Simplified equivalent linear and nonlinear site response
analysis of partially saturated soil layers, , San Antonio, TX, 2131-2140.
Mirshekari, M., Ghayoomi, M. & Borghei, A. (2018a). Modeling experiments to investigate soilwater retention in geotechnical centrifuge, 9th International Conference in Physical
Modeling in Geotechnics (ICPMG), London, UK, 1-6.
Mirshekari, M., Ghayoomi, M. & Borghei, A. (2018b). A review on soil-water retention scaling
in centrifuge modeling of unsaturated sands, Geotechnical Testing Journal 41, No. 6.
Mita, A. & Luco, J.E. (1986). Response of structures to a spatially random ground motion, ,
Charleston, USA, 907-918.

337

Moslem, K. & Trifunac, M.D. (1986). Effects of soil structure interaction on the response of
building during the strong earthquake ground motion, University of Southern California, 1158.
Mousavi, S., Ghayoomi, M. & Jones, S.H. (2019). Compositional and Geo-Environmental
Factors in Microbial Induced Partial Saturation, Environmental Geotechnics, 1-50.
Muraleetharan, K.K. & Granger, K.K. (1999). The use of miniature pore pressure transducers in
measuring matric suction in unsaturated soils, Geotechnical Testing Journal 22, No. 3, 226234.
Ng, C.W.W., Leung, A.K., Kamchoom, V. & Garg, A. (2014). A novel root system for
simulating transpiration-induced soil suction in centrifuge, Geotechnical Testing Journal 37,
No. 5, 733-747.
Nimmo, J.R. & Akstin, K.C. (1988). Hydraulic conductivity of a sandy soil at low water content
after compaction by various methods, Soil Science Society of America Journal 52, No. 2,
303-310.
Nimmo, J.R., Akstin, K.C. & Mello, K.A. (1992). Improved apparatus for measuring hydraulic
conductivity at low water content, Soil Science Society of America Journal 56, No. 6, 17581761.
Nimmo, J.R., Rubin, J. & Hammermeister, D.P. (1987). Unsaturated flow in a centrifugal field:
Measurement of hydraulic conductivity and testing of Darcy's law, Water Resources
Research 23, No. 1, 124-134.
NIST (2012). Soil-structure interaction for building structures, National Intuitive of Standards
and Technology (NIST), Washington, D.C., 1-292.
Parks, J.M., Stewart, M.A. & McCartney, J.S. (2011). Validation of a centrifuge permeameter for
investigation of transient infiltration and drainage flow processes in unsaturated soils,
Geotechnical Testing Journal 35, No. 1, 182-192.
Petersen, M.D. (2008). 2008 United States National Seismic Hazard Maps, Geological Survey
(US), 1-4.
Poulos, H.G. & Davis, E.H. (1974). Elastic solutions for soil and rock mechanics, New York:
John Wiley.
Pradel, D. (1998). Procedure to evaluate earthquake-induced settlements in dry sandy soils,
Journal of Geotechnical and Geoenvironmental Engineering 124, No. 4, 364-368.
Rathje, E.M., Abrahamson, N.A. & Bray, J.D. (1998). Simplified frequency content estimates of
earthquake ground motions, Journal of Geotechnical and Geoenvironmental Engineering
124, No. 2, 150-159.
338

Reatto, A., da Silva, E.M., Bruand, A., Martins, E.S. & Lima, Jorge Enoch Furquim Werneck
(2008). Validity of the centrifuge method for determining the water retention properties of
tropical soils, Soil Science Society of America Journal 72, No. 6, 1547-1553.
Reis, R.M., Sterck, W.N., Ribeiro, A.B., Dell’Avanzi, E., Saboya, F., Tibana, S., Marciano, C.R.
& Sobrinho, R.R. (2011a). Determination of the soil-water retention curve and the hydraulic
conductivity function using a small centrifuge, Geotechnical Testing Journal 34, No. 5, 457466.
Reis, R.M., Sterck, W.N., Ribeiro, A.B., Dell’Avanzi, E., Saboya, F., Tibana, S., Marciano, C.R.
& Sobrinho, R.R. (2011b). Determination of the soil-water retention curve and the hydraulic
conductivity function using a small centrifuge, Geotechnical Testing Journal 34, No. 5, 457466.
Rezzoug, A., Konig, D. & Trantafylidis, T. (2000). Numerical analysis of scaling laws for
capillary rise in soils, International Symposium on Physical Modeling and Testing in
Environmental Geotechnics, La Baule, France, Laboratoire Central des Ponts et Chaussées,
Paris, France, 217-224.
Rezzoug, A., Triantafyllidis, T. & König, D. (2004). Scaling Laws for Centrifuge Modeling of
Capillary Rise in Sandy Soils, Journal of Geotechnical and Geoenvironmental Engineering
130, No. 6, 615-620.
Richards, L.A. (1931). Capillary conduction of liquids through porous mediums, Journal of
applied Physics 1, No. 5, 318-333.
Russell, M.B. & Richards, L.A. (1939). The Determination of Soil Moisture Energy Relations by
Centrifugation 1, Soil Science Society of America Journal 3, No. C, 65-69.
Scanlan, R.H. (1976). Seismic wave effects on soil‐structure interaction, Earthquake
Engineering & Structural Dynamics 4, No. 4, 379-388.
Schofield, A.N. (1980). Cambridge geotechnical centrifuge operations, Geotechnique 30, No. 3,
227-268.
Schubert, H. (1982). Kapillarität in porösen Feststoffsystemen Springer Berlin.
Scott, R.F. (1994). Review of progress in dynamic geotechnical centrifuge research, American
Society for testing and Materials, Philadepphia.
Seed, H.B. & Idriss, I.M. (1970). Soil moduli and damping factors for dynamic response
analyses, Earthquake engineering research center, Berkeley, California.
Sheffield Pottery (2019), , Ground Silica, Sil-Co-Sli 52. Available: https://www.sheffieldpottery.com/FLINT-325M-SIL-CO-SIL-52-325-Mesh-50-Pound-Bag-p/rmfli32550.htm.
339

Simulia (2012). Abaqus 6.12 Documentation, Dassault Systemes Simulia Corp, Rhode Island,
USA.
Šimůnek, J. & Nimmo, J.R. (2005). Estimating soil hydraulic parameters from transient flow
experiments in a centrifuge using parameter optimization technique, Water Resources
Research 41, No. 4.
Stewart, D.P., Chen, Y. & Kutter, B.L. (1998). Experience with the use of methylcellulose as a
viscous pore fluid in centrifuge models, Geotechnical Testing Journal 21, No. 4, 365-369.
Stewart, J.P., Fenves, G.L. & Seed, R.B. (1999). Seismic soil structure iteration in buildings. I:
analytical methods, Journal of Geotechnical and Geoenvironmental Engineering 125, 2637.
Stewart, J.P., Kim, S., Bielak, J., Dobry, R. & Power, M.S. (2003). Revisions to soil-structure
interaction procedures in NEHRP design provisions, Earthquake Spectra 19, No. 3, 677696.
Stewart, M.A. & McCartney, J.S. (2013). Centrifuge modeling of soil-structure interaction in
energy foundations, Journal of Geotechnical and Geoenvironmental Engineering 140, No.
4, 04013044.
Take, W.A. & Bolton, M.D. (2003). Tensiometer saturation and the reliable measurement of soil
suction, Géotechnique 53, No. 2, 159-172.
Tokimatsu, K. & Seed, H.B. (1987). Evaluation of settlements in sands due to earthquake
shaking, Journal of Geotechnical Engineering 113, No. 8, 861-878.
Towhata, I. (2008). Geotechnical earthquake engineering, Berlin, Heidelberg: Springer.
Tristancho, J., Caicedo, B., Thorel, L. & Obregón, N. (2011). Climatic chamber with centrifuge
to simulate different weather conditions, Geotechnical Testing Journal 35, No. 1, 159-171.
US Silica (2019), , Product data, F-75 unground silica sand. Available:
http://www.ussilica.com/.
Van Genuchten, M.T. (1980). A closed-form equation for predicting the hydraulic conductivity
of unsaturated soils, Soil Science Society of America Journal 44, No. 5, 892-898.
Veletsos, A.S. & Nair, V.V. (1975). Seismic interaction of structures on hysteretic foundations,
Journal of the Structural Division 101, No. 1, 109-129.
Veletsos, A.S. & Prasad, A.M. (1989). Seismic Interaction of Structures and Soils: Stochastic
Approach, Journal of Structural Engineering 115, No. 4, 935-956.

340

Veletsos, A.S., Prasad, A.M. & Wu, W.H. (1997). Transfer function for rigid rectangular
foundation, Earthquake Engineering & Structural Dynamics 26, No. 1, 5-17.
Veletsos, A.S. & Verbič, B. (1973). Vibration of viscoelastic foundations, Earthquake
Engineering & Structural Dynamics 2, No. 1, 87-102.
Veletsos, A.S. & Wei, Y.T. (1971). Lateral and rocking vibration of footings, Journal of Soil
Mechanics & Foundations Division 97, No. 9, 1227-1248.
Wolf, J. (1994). Foundation vibration analysis using simple physical models, Englewood Cliffs,
New Jersey: Pearson Education.
Wolf, J. (1985). Dynamic soil-structure interaction, Englewood Cliffs, New Jersey: Prentice
Hall, Inc.
Wong, H.L. & Luco, J.E. (1985). Tables of impedance functions for square foundations on
layered media, Journal of Soil Dynamics and Earthquake Engineering 4, No. 2, 64-81.
Wong, H.L., Trifunac, M.D. & Luco, J.E. (1988). A comparison of soil-structure interaction
calculations with results of full-scale forced vibration tests, Soil Dynamics and Earthquake
Engineering 7, No. 1, 22-31.
Wood, D.M. (2004). Geotechnical modeling, 1st ed., Florence: CRC Press.
Zerva, A. & Zervas, V. (2002). Spatial variation of seismic ground motions: An overview,
Applied Mechanics Reviews 55, No. 3, 271-297.
Zornberg, J.G. & McCartney, J.S. (2010). Centrifuge permeameter for unsaturated soils. I:
Theoretical basis and experimental developments, Journal of Geotechnical and
Geoenvironmental Engineering 136, No. 8, 1051-1063.

341

